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Atmospheric Pressure Metal-Organic Vapour Phase Epitaxy 
of InP, (Galn)As, and (GaIn)(AsP) A l l o y s . 
Barry R. B u t l e r 
An i n t r o d u c t i o n to o p t i c a l communications and o p t o - e l e c t r o n i c 
devices i s given, which demonstrates the m o t i v a t i o n f o r research i n t o 
I I I / V devices, and m a t e r i a l s . D i f f e r e n t e p i t a x i a l growth techniques are 
compared, an i n t r o d u c t i o n to Metal-Organic Vapour Phase Epitaxy (MOVPE) 
i s given, and the author's reactor i s described. 
The r e a c t i o n chemistry of MOVPE i s discussed and r e s u l t s from 
studies o f the p a s s i v a t i o n of p-type InP are used to confirm the 
surface nature of re a c t i o n s . 
Results upon the background doping of MOVPE grown InP and the 
e f f e c t of growth c o n d i t i o n s are discussed. High e l e c t r o n m o b i l i t y 
r e s u l t s from InP layers are presented. The growth of e p i t a x i a l a l l o y 
l a y e r s of (Galn)As and (GaIn)(AsP) i s described w i t h p a r t i c u l a r 
reference t o c r y s t a l l i n i t y , l a t t i c e matching and composition c o n t r o l . A 
novel method of monitoring the dynamic vapour pressure of metal a l k y l s 
i s described, and t h e o r e t i c a l and p r a c t i c a l r e s u l t s upon the f a c t o r s 
a f f e c t i n g gas mixing and a l l o y u n i f o r m i t y are presented. 
Results on the i n t e n t i o n a l doping of e p i t a x i a l layers w i t h 
d i m e t h y l z i n c , hydrogen selenide, and s i l a n e and the e f f e c t of varying 
the growth c o n d i t i o n s are presented; and the use of other dopants i s 
reviewed. The p a s s i v a t i o n of zinc acceptors by hydrogen i n p-type InP 
i s reported and discussed i n d e t a i l . Results upon the use of ferrocene 
as a s e m i - i n s u l a t i n g dopant are presented and the l i t e r a t u r e i s 
reviewed. 
Photoluminescence and transmission e l e c t r o n microscopy r e s u l t s are 
presented upon the growth of low dimensional s t r u c t u r e s , containing 
l a y e r s o f less than lOOA thickness. Systematic studies of growth 
c o n d i t i o n s are reported which have l e d to an understanding of the 
f a c t o r s a f f e c t i n g h e t e r o - i n t e r f a c e abruptness. 
Experimental r e s u l t s are reported upon d i s t r i b u t e d feedback lasers 
and a l l MOVPE double h e t e r o s t r u c t u r e and ridge waveguide lasers. 
A discussion on saf e t y aspects of MOVPE i s included, w i t h 
p a r t i c u l a r reference to the t o x i c i t y of arsine and phosphine, and the 
prevention of environmental p o l l u t i o n . 
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Preface 
This t h e s i s was w r i t t e n d uring 1988 and 1989, f o r submission to 
the U n i v e r s i t y of Durham f o r the degree of Master of Science, under 
r e g u l a t i o n 2a of the U n i v e r s i t y calendar. The subject of the thesis i s 
the Metal Organic Vapour Phase Epitaxy (MOVPE) of indium phosphide 
( I n P ) , and g a l l i u m indium arsenide phosphide (GaIn)(AsP) l a y e r s , which 
are subsequently used i n the f a b r i c a t i o n of o p t o - e l e c t r o n i c 
components. The experimental work reported i s that of the author, 
unless otherwise s t a t e d , a l b e i t w i t h considerable c o n t r i b u t i o n s from 
colleagues, due to the team nature of research and development work i n 
t h i s f i e l d . References are made to in f o r m a t i o n gained through valuable 
discussions w i t h other workers. 
The author was employed i n o p t o - e l e c t r o n i c research and 
development, i n the advanced sources group of STC Technology Ltd., 
(S.T.L.), i n Harlow, Essex, U.K., u n t i l November 1988. The ma j o r i t y of 
the experimental work presented, was undertaken at S.T.L., using an 
atmospheric pressure MOVPE reactor which i s d e t a i l e d i n appendix 1. 
During November 19BB, the author t r a n s f e r r e d t o the O p t i c a l Devices 
D i v i s i o n of STC Defence Systems L t d . , where the development work from 
S.T.L. was t r a n s f e r r e d to production. Some inf o r m a t i o n i s presented 
upon t h i s l a t t e r work^ although i t was undertaken upon a low pressure 
MOVPE re a c t o r . 
During the 12 months taken to w r i t e the t h e s i s , the ea r l y 
chapters have r e q u i r e d c o n t i n u a l r e v i s i o n i n the l i g h t of new r e s u l t s . 
I t i s hoped t h a t much of what i s presented stands the t e s t of time, 
however the the s i s should be read i n the context of the s t a t e of the 
a r t o f the technology i n 1988/89. 
The opinions and conclusions expressed i n t h i s thesis are those 
of the author, and do not nece s s a r i l y r e f l e c t the opinions of STC pic 
or the author's colleagues. 
No i n f o r m a t i o n contained i n t h i s t h e s i s has prev i o u s l y been 
submitted by the author f o r a degree at any u n i v e r s i t y . 
MOCVD Reactor "B" a t STL. 
Chapter 1 
I n t r o d u c t i o n 
Metal Organic Vapour Phase Epitaxy (MOVPE), i s an 
e p i t a x i a l growth technique used to manufacture many 
e l e c t r o n i c devices. The p a r t i c u l a r m a t e r i a l s discussed i n 
t h i s t h e s i s are used i n the f a b r i c a t i o n of o p t o - e l e c t r o n i c 
devices which are subsequently incorporated i n t o o p t i c a l 
communication systems. I n order to understand the 
m o t i v a t i o n d r i v i n g the research and development of 
o p t o - e l e c t r o n i c s and MOVPE, an i n t r o d u c t i o n to 
o p t i c a l - f i b r e communications, system costs, and e p i t a x i a l 
c r y s t a l growth techniques i s given. 
O p t i c a l F i b r e Communications 
I t was recognised during the 1960s, that the information capacity 
of trunk telecommunication systems required expansion. Fixed microwave 
metal waveguide l i n k s were being developed which would g r e a t l y expand 
the telephone system capacity through enlarged band-width. I n 
r e t r o s p e c t the high m a t e r i a l and engineering costs of t h i s approach 
are daunting when compared w i t h e l e c t r i c a l systems using twisted p a i r 
or c o a x i a l cables. 
The g u i d i n g of l i g h t i n a j e t of water was demonstrated by 
T y n d a l l i n 1870. The l a t e r a l step of using guided electromagnetic 
waves of a higher frequency than microwaves, namely l i g h t , to carry 
i n f o r m a t i o n was shown to be t h e o r e t i c a l l y possible by Kao and Hockman 
i n t h e i r paper on f i b r e - o p t i c communication of 1966 [ 1 ] . I n order f o r 
the p r e d i c t i o n s of Kao and Hockman to be r e a l i s e d , many years of 
development of f i b r e - o p t i c components have been necessary. These 
components may be separated i n t o the l i g h t guide or o p t i c a l f i b r e , the 
o p t o - e l e c t r o n i c transducers such as modulators, l i g h t e m itters and 
d e t e c t o r s , and associated high speed e l e c t r o n i c c i r c u i t s to i n t e r f a c e 
between the o p t i c a l system and the normal e l e c t r o n i c l e v e l s of 
i n f o r m a t i o n technology. The l a t t e r , u s u a l l y s i l i c o n i n t e g r a t e d 
c i r c u i t s o perating to several GHz are i n themselves advanced 
components, and are the r e s u l t of p a r a l l e l developments i n other 
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e l e c t r o n i c f i e l d s , so are not expanded upon here. An overview of how 
the components are combined w i t h each other to give an o p t i c a l 
communication system i s i l l u s t r a t e d i n f i g u r e ( 1 . 1 ) . 
O p t i c a l Fibres 
The p r i n c i p a l of the g u i d i n g of l i g h t i n o p t i c a l f i b r e s i s 
explained i n many t e x t s [ 2 ] . Two approaches are normally taken; f o r 
la r g e diameter core f i b r e s the ray model i s used, whereby rays of 
l i g h t are repeatedly t o t a l l y i n t e r n a l l y r e f l e c t e d w i t h i n the f i b r e due 
to a decrease i n r e f r a c t i v e index towards the e x t e r i o r of the f i b r e . 
The other model, applied e s p e c i a l l y to l i g h t propagation i n f i b r e s of 
less than lOym diameter, involves s o l u t i o n s of Maxwell's equations 
w i t h a p p l i c a t i o n of s u i t a b l e boundary conditions i n a s i m i l a r manner 
to the g u i d i n g of microwaves by waveguides. Most modern 
telecommunication a p p l i c a t i o n s use o p t i c a l f i b r e s where an inner 
5-lOym core of s i l i c a glass i s surrounded w i t h a lower r e f r a c t i v e 
index cladding glass to increase the st r e n g t h of the cable. Such 
f i b r e s are termed s i n g l e mode f i b r e s since only a s i n g l e fundamental 
mode of electromagnetic r a d i a t i o n i s able to propagate along the 
f i b r e . 
The o p t i c a l f i b r e s a v a i l a b l e at the time of the Kao and Hockman 
paper, had an a t t e n u a t i o n of lOOOdB/km. The techniques of f a b r i c a t i o n 
of o p t i c a l f i b r e s have g r e a t l y improved, spurred on by the demands and 
rewards of the communications r e v o l u t i o n . Attenuation l e v e l s as low as 
0.2dB/km have now been achieved. The l e v e l of a t t e n u a t i o n w i t h i n a 
s i l i c a o p t i c a l f i b r e i s a f u n c t i o n of the o p t i c a l wavelength of the 
l i g h t being t r a n s m i t t e d ( f i g u r e 1.2). The a t t e n u a t i o n i s due to 
absorption of l i g h t due to the i n f r a - r e d and u l t r a - v i o l e t band edges 
of the s i l i c a , Rayleigh s c a t t e r i n g , and i m p u r i t y absorption. The f i r s t 
two f a c t o r s are fundamental to the s i l i c a i t s e l f , and the Rayleigh 
s c a t t e r i n g i s due to the glassy disordered s t a t e of the m a t e r i a l . 
I m p u r i t i e s such as t r a n s i t i o n metals have to be kept at l e v e l s of less 
than a few pa r t s per b i l l i o n . The increase i n a t t e n u a t i o n at 1.4ym 
wavelength i s due to 0H~ resonance r e s u l t i n g from water being present 
d u r i n g manufacture. I t can be seen from f i g u r e (1.2) that w h i l s t the 
more e a s i l y f a b r i c a t e d 0.85ym wavelength GaAs l i g h t e m itters can be 
used f o r short distance communication l i n k s , f o r longer distance 
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a p p l i c a t i o n s i t i s b e t t e r to use wavelengths such as 1.3iJm and LSSym. 
Another important property of o p t i c a l f i b r e s i s m a t e r i a l 
d i s p e r s i o n , t h a t i s the v a r i a t i o n of the r e f r a c t i v e index of s i l i c a 
w i t h wavelength. The e f f e c t of m a t e r i a l d i s p e r s i o n i s that d i f f e r e n t 
wavelengths of l i g h t t r a v e l at d i f f e r e n t speeds w i t h i n the f i b r e , and 
f o r a semiconductor la s e r w i t h t y p i c a l l y a 3nm band-width, l i g h t 
pulses become spread out along the f i b r e w i t h increasing propagation 
distance. The maximum d i s t a n c e - b i t r a t e product of the system i s 
t h e r e f o r e l i m i t e d by m a t e r i a l dispersion as w e l l as by f i b r e 
a t t e n u a t i o n . However zero d i s p e r s i o n i s encountered at a wavelength of 
1.3vim. For t h i s reason, w h i l s t the a t t e n u a t i o n minimum of standard 
o p t i c a l f i b r e s i s at 1.55ym, most present o p t i c a l communication 
systems operate at the s l i g h t l y attenuated wavelength of 1.3ym. More 
r e c e n t l y , narrower band-width sources such as the d i s t r i b u t e d feedback 
l a s e r have become more common, and new system implementations are 
tending to operate at 1.55jim. 
A common o p t i c a l f i b r e production method i s to f a b r i c a t e glass 
preforms which are rods of h i g h l y pure s i l i c a , i n t e n t i o n a l l y doped 
w i t h the i m p u r i t i e s required i n the core and cladding layers of the 
f i n a l f i b r e . The preforms are subsequently heated and p u l l e d through a 
small d i e to form continuous lengths of f i b r e which are then coated 
f o r p r o t e c t i o n , and are strong enough to be used i n conventional 
f a b r i c a t i o n procedures. 
Cost Advantages of O p t i c a l Fibres 
D r i v i n g t h i s technology forward are the advantages of o p t i c a l 
f i b r e communication systems over conventional copper systems and 
s a t e l l i t e communication systems. The advantages may be b r i e f l y 
summarised as increased repeater spacings f o r long haul routes, small 
p h y s i c a l s i z e , weight and f l e x i b i l i t y , low m a t e r i a l costs, and 
immunity from electromagnetic i n t e r f e r e n c e . Systems can be e a s i l y 
upgraded since f i b r e s can be l e f t i n the ground w h i l s t t r a n s m i t t e r s 
and r e c e i v e r s are replaced by more advanced products. An e a r l y 
disadvantage of o p t i c a l f i b r e s was the d i f f i c u l t y of s p l i c i n g cables 
together. This has l a r g e l y been overcome by the use of fusion 
s p l i c e r s . The o r i g i n a l d i f f i c u l t y encountered i n tapping f i b r e s has 
also been overcome, making them less secure than they used to be. 
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A l l of the above advantages r e s u l t i n an o v e r a l l lower cost f o r 
an o p t i c a l communications system of modest data r a t e , compared w i t h 
e i t h e r copper cables or s a t e l l i t e systems of s i m i l a r capacity, without 
beginning to e x p l o i t the increased band-width of the systems. As a 
r e s u l t , the major telephone operators have ceased to deploy copper 
tru n k systems since the mid 1980's, and are now deploying o p t i c a l 
systems. The l a y i n g of TAT-8, the undersea o p t i c a l cable between 
Europe and America i n 1988, heralded a change from copper to o p t i c a l 
systems here too. TAT-8 has a s i m i l a r i n f o r m a t i o n c a r r y i n g capacity to 
the t o t a l capacity of a l l the previous copper cables. 
O p t i c a l Fibre Communication Systems 
The d r i v i n g f o r c e f o r much of the development of o p t i c a l f i b r e s 
and o p t i c a l e m i t t e r s and re c e i v e r s , derives from communication 
systems, and the desire to transmit large amounts of information at 
high data r a t e s , s e l e c t i v e l y from one user to another. The 
a p p l i c a t i o n s extend from long distance telecommunication systems 
through to l o c a l area networks, and even to o p t i c a l l i n k s w i t h i n 
computers. For i n f o r m a t i o n to be tra n s m i t t e d through a medium, a 
c a r r i e r , i n t h i s case l i g h t , requires modulating. I n the simplest form 
of o p t i c a l communications technology, and the one commonly implemented 
to date, the l i g h t source i s turned on and o f f to give d i g i t a l pulse 
code modulation, without the use of an a d d i t i o n a l modulator on the 
output l i g h t beam from the source. The data rates achieved are then 
l i m i t e d by the modulation and demodulation c a p a b i l i t i e s of the 
t r a n s m i t t i n g and r e c e i v i n g components, and the m a t e r i a l dispersion of 
the f i b r e . 
The i n i t i a l a p p l i c a t i o n of o p t i c a l systems was to the trunk 
telecommunication networks operated by the major telephone companies. 
The use of high cost components was j u s t i f i e d by the g r e a t l y increased 
capacity of the long distance routes between major switching centres 
or exchanges. Companies such as B r i t i s h Telecom i n the U.K. have 
adopted a p o l i c y of deploying o p t i c a l cables i n trunk networks instead 
of copper cables. The e a r l i e s t demonstration of these systems was i n 
1977, and consisted of an o p t i c a l f i b r e l i n k between H i t c h i n and 
Stevenage i n the U.K., which operated at a wavelength of 0.85ym. Much 
of the c a p i t a l cost of long distance communication systems l i e s i n the 
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cost of repeaters. Twisted wire p a i r 8Mb/s l i n k s r e q u i r e repeaters 
every l-3km, and c o a x i a l l i n k s r e q u i r e repeaters every l-2km. By 
comparison, o p t i c a l l i n k s can operate at speeds of up to 2.4Gb/s and 
repeater spacings of many tens of kilometres have been achieved. The 
cost of an o p t o - e l e c t r o n i c repeater i s higher than a purely e l e c t r o n i c 
repeater, however the cost per b i t of i n f o r m a t i o n i s lower, making 
implementation of o p t i c a l systems favourable. 
I n t e r - c o n t i n e n t a l communications t r a f f i c , formerly achieved by 
s a t e l l i t e and submarine c o a x i a l cables, was also at the centre of the 
development of f i b r e - o p t i c communications. For a considerable time, 
o p t i c a l systems were not deployed beneath the oceans, w h i l s t component 
r e l i a b i l i t y was assessed. Once determined as r e l i a b l e , o p t i c a l 
communications cables have completely superseded coa x i a l l i n k s i n new 
systems. The f i r s t example of a commercial undersea o p t i c a l cable was 
TAT-8, opened f o r t r a f f i c i n 1988 between Europe and America, and 
opera t i n g at a wavelength of 1.3ym. Much cable capacity i s presently 
leased to in v e s t o r s before cables are l a i d . The o p t i c a l systems are 
cost competitive compared w i t h s a t e l l i t e s , i t i s said that they are a 
f a c t o r of three cheaper. 
The next generation of o p t i c a l f i b r e submarine systems such as 
TAT-9, w i l l operate at 1.55um wavelength where the att e n u a t i o n of the 
f i b r e i s at a minimum, and repeater spacings s i g n i f i c a n t l y greater. 
The problem of f i b r e d i s p e r s i o n i s overcome by the use of narrower 
s p e c t r a l l i n e - w i d t h d i s t r i b u t e d feedback l a s e r sources. 
The p e n e t r a t i o n of o p t i c a l technology i n t o the trunk and 
i n t e r n a t i o n a l telecommunications arena i s nearly t o t a l . The exception 
i s perhaps t h i r d world a p p l i c a t i o n s where users are fewer and more 
dispersed, and s a t e l l i t e s o f f e r greater s e c u r i t y from sabotage. Other 
independent users, t r a n s m i t t i n g data over long distances, are the 
e l e c t r i c i t y d i s t r i b u t i o n companies and rail w a y s . The noise immunity of 
o p t i c a l transmission i s a f u r t h e r advantage f o r these operators. Heavy 
data users such as f i n a n c i a l i n s t i t u t i o n s are also showing an i n t e r e s t 
i n having t h e i r own dedicated o p t i c a l networks. 
The next l e v e l of telecommunication l i n k , i s between l o c a l 
exchanges and i s r e f e r r e d to as the j u n c t i o n network. This area i s now 
becoming cost competitive as component costs f a l l , and s i g n i f i c a n t 
o p t i c a l p e n e t r a t i o n can be expected i n the 1990s. The f i n a l l e v e l of 
telecommunication l i n k i s between the l o c a l exchange and the 
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subscriber, and i s r e f e r r e d to as the l o c a l loop network. Apart from a 
few p i l o t experiments i n selected towns and c i t i e s , o p t i c a l 
p e n e t r a t i o n has not yet taken place i n the l o c a l loop network. 
Complete p e n e t r a t i o n of the o p t i c a l network would allow the 
transmission of high q u a l i t y d i g i t a l data, g i v i n g b e t t e r q u a l i t y voice 
c i r c u i t s , f a s t e r and more widespread computer communication, and more 
widespread use of ISDN services. A v a r i e t y of new services would also 
r e s u l t , such as access to large i n f o r m a t i o n and video data bases, 
remote metering and c o n t r o l of f o r example gas meters, e l e c t r o n i c 
m a i l , and a more i n t e g r a t e d approach to the f i n a n c i a l services of 
banks and payment by automatic d e b i t i n g of accounts w h i l s t shopping. 
These types of communication are of the t r a d i t i o n a l point to point 
v a r i e t y . I t i s envisaged that cable t e l e v i s i o n companies may wish to 
u t i l i s e the unused band-width of o p t i c a l f i b r e s , by overlaying 
multi-channel video data onto the l o c a l networks using d i f f e r e n t 
transmission wavelengths t o the telecommunications operators. 
Slow scan video l i n k s are presently a v a i l a b l e v i a sp e c i a l 
arrangements w i t h the telecommunications operators. The high 
band-width of o p t i c a l f i b r e s , makes possible the replacement of the 
telephone by the video-phone f o r a l l users prepared to pay f o r the 
s e r v i c e . However, the c a p a b i l i t y to switch the high data r a t e signals 
i n the same f l e x i b l e manner as achieved i n conventional telephone 
exchanges has f i r s t to be demonstrated. I t i s i n t e r e s t i n g to consider 
the s o c i a l i m p l i c a t i o n s of being able view one's conversation partner 
as w e l l as to hear them! 
The p r a c t i c a l r e a l i s a t i o n of l o c a l loop communications to the 
business customer i s pr e s e n t l y being i n v e s t i g a t e d by B r i t i s h Telecom 
using the TEPON system [ 3 ] . This comprises the s p l i t t i n g of l i g h t from 
a d i s t r i b u t e d feedback l a s e r through a 128 way passive s p l i t t e r to 128 
l o c a t i o n s . Low cost r e c e i v e r and t r a n s m i t t e r technology i s used w i t h i n 
the customers premises, and a 20Mb/s data r a t e envisaged. The system 
i s designed to be a f i r s t stage implementation of the present data 
q u a l i t y and s e r v i c e range obtained from System-X f a c i l i t i e s . With the 
f i b r e i n s t a l l e d to the customer, a f u t u r e increase i n the use of the 
f i b r e band-width can be envisaged, as and when services become 
a v a i l a b l e and customer needs develop. This could be implemented at the 
customer and exchange ends by upgrading of t r a n s m i t t e r and receiver 
modules. An overlay at a d i f f e r e n t operating wavelength of a cable 
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t e l e v i s i o n system may b r i n g the system cost down such that p r i v a t e 
customers may be i n t e r e s t e d i n the services a v a i l a b l e , i n a d d i t i o n to 
business users. 
Scaling down communication distances f u r t h e r , o p t i c a l l i n k s 
w i t h i n b u i l d i n g s , o f f i c e s and between computers are of i n t e r e s t . Such 
l i n k s are o f t e n r e f e r r e d to as l o c a l area networks, a l l o w i n g 
communications between many users, peripherals and computers. Trends 
i n i n f o r m a t i o n technology and computer speeds are r e q u i r i n g 
transmission of data at high r a t e s . Cost i s important however, so 
l a r g e l y passive o p t i c a l networks of e i t h e r r i n g or s t a r c o n f i g u r a t i o n 
are being considered. The important components f o r t h i s a p p l i c a t i o n 
are m u l t i - p o i n t passive couplers, taps, modulators, t r a n s m i t t e r s and 
re c e i v e r s . The la r g e volume of users make sale of such systems and 
associated components a t t r a c t i v e to some companies. 
At f u r t h e r lower communication distances, computer performance i s 
becoming l i m i t e d by the speed at which data can be moved from chip to 
chip and even across large i n t e g r a t e d c i r c u i t s . This i s due to 
resistance-capacitance time constants of the e l e c t r o n i c connectors and 
cables. The problem can be circumvented by the use of p a r a l l e l data 
transmission, but p i n counts of chips are consequently higher, which 
increases costs and poses problems during manufacture. A p p l i c a t i o n of 
short distance, high b i t - r a t e s e r i a l o p t i c a l data l i n k s to t h i s 
problem i s being considered, as i s the multi-processor computer 
communicating o p t i c a l l y through f r e e space using o p t o - e l e c t r o n i c 
components. 
The other advantages of o p t i c a l f i b r e s , other than band-width; 
such as immunity to electromagnetic i n t e r f e r e n c e and low weight, has 
le d to o p t i c a l systems of data transmission being adopted i n m i l i t a r y 
arenas such as a i r c r a f t data buses and i n phased array radars. The 
d i e l e c t r i c nature of f i b r e s also make the a p p l i c a t i o n of t h i s 
technology a t t r a c t i v e i n explosive environments and i n high voltage 
areas. 
A l l of the above systems have r e l i e d upon simple on-off 
modulation of the l i g h t sources, w i t h a maximum band-width of 2.4Gb/s 
being achieved. Slower r a t e data streams are time d i v i s i o n multiplexed 
to make up the higher r a t e data stream. The small size of o p t i c a l 
f i b r e s also allows system capacity to be expanded by increasing the 
number of f i b r e s used i n e x i s t i n g ducts compared w i t h conventional 
cables. 
Consideration of the a c t u a l band-width a v a i l a b l e i n an o p t i c a l 
f i b r e gives a value of =100THz. C l e a r l y the medium i s not being 
e x p l o i t e d to the f u l l e s t extent i n conventional systems. Usage of 
f i b r e band-width can be increased by simultaneously using e m i t t i n g 
devices w i t h very narrow s p e c t r a l l i n e - w i d t h s of d i f f e r i n g 
wavelengths. Such systems are frequency d i v i s i o n multiplexed, and 
r e q u i r e r e c e i v e r d e m u l t i p l e x i n g components that can separate out the 
d i f f e r e n t wavelengths t r a n s m i t t e d through the f i b r e . 
F i n a l l y , i t i s worth mentioning an a l t e r n a t i v e to d i r e c t d i g i t a l 
pulse code modulation; the technique of coherent o p t i c a l data 
transmission. This method requires that a modulated s i g n a l i s allowed 
t o beat against a l o c a l o s c i l l a t o r to give a modulated c a r r i e r s i g n a l . 
This i s the same technique as used i n conventional radio transmission 
w i t h the electromagnetic wavelengths changed to o p t i c a l wavelengths. 
The use of many c a r r i e r frequencies, each separately heterodyned i n a 
s i m i l a r manner to r a d i o s i g n a l s , would g r e a t l y increase the usage of 
the a v a i l a b l e o p t i c a l band-width. Other advantages include the a b i l i t y 
to tune through many channels, and higher receiver s e n s i t i v i t y , since 
the method allows operation closer to the quantum d e t e c t i o n l i m i t . 
Opto-Electronic Devices 
The systems discussed above r e q u i r e devices t h a t can transmit, 
receive and modulate l i g h t , so that o p t i c a l systems can i n t e r a c t w i t h 
the normal e l e c t r o n i c methods of data generation, processing, 
transmission and storage. The requirement f o r low cost, small size and 
high r e l i a b i l i t y has r e s u l t e d i n s o l i d s t a t e components being adopted 
f o r most a p p l i c a t i o n s . Detectors are constructed from I I I / V 
semiconductors, germanium or s i l i c o n r a t h e r than using 
p h o t o - m u l t i p l i e r tubes, and l i g h t sources are semiconductor lasers 
r a t h e r than lasers r e q u i r i n g flash-lamp s t i m u l a t i o n . D i r e c t modulation 
of the source i s normal, though much work has been undertaken upon non 
l i n e a r o p t i c a l m a t e r i a l s such as l i t h i u m niobate which can be used to 
modulate l a s e r sources e x t e r n a l l y . 
O p t i c a l sources f a l l i n t o two categories, l i g h t e m i t t i n g diodes 
(LEDs) and l a s e r s , and f o r the a p p l i c a t i o n s considered above, both are 
s o l i d s t a t e semiconductor devices. Both r e l y upon electron-hole 
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recombination i n a p-n j u n c t i o n w i t h i n a d i r e c t energy band-gap 
m a t e r i a l , r e s u l t i n g i n the generation of photons of energy equivalent 
to the ma t e r i a l ' s band-gap energy. LEDs r e l y p r i n c i p a l l y upon t h i s 
mechanism, w h i l s t semiconductor lasers r e q u i r e c a r r i e r population 
i n v e r s i o n , generated by high l e v e l s of c a r r i e r i n j e c t i o n at the p-n 
j u n c t i o n , and upon l i g h t fed back from the las e r facets. Lasers are 
d e t a i l e d i n great e r depth i n a l a t e r chapter of t h i s t h e s i s . 
The detectors p r e s e n t l y used i n systems are of the p - i - n type and 
comprise a p-doped region, a low doped "i" region, and an n-doped 
re g i o n , which i s reverse biased. I n c i d e n t photons are absorbed by the 
m a t e r i a l and create e l e c t r o n hole p a i r s which are subsequently 
separated by the e l e c t r i c f i e l d across the device to give a detectable 
c u r r e n t . The magnitude of the current i s p r o p o r t i o n a l to the f l u x of 
i n c i d e n t photons. The photogenerated current i s subsequently 
a m p l i f i e d , o f t e n using a high speed GaAs FET. For short wavelength 
d e t e c t i o n such as at 0.85jjm, s i l i c o n and germanium implanted detectors 
are adequate. For low noise performance at longer wavelengths such as 
1.3ym and 1.55ym, I I I / V h e t e r o s t r u c t u r e devices such as 
n-InP/(GaIn)As/p-InP devices are used. Much developmental e f f o r t i s 
being concentrated upon the i n t e g r a t i o n of p - i - n diodes and FETS i n t o 
the same chip, and the (GaIn)As/InP a l l o y system appears w e l l s u i t e d 
to t h i s a p p l i c a t i o n [ 4 ] . 
Avalanche photodiodes are a f u r t h e r high performance v a r i a n t upon 
p - i - n d e t e c t o r s , where a m p l i f i c a t i o n occurs i n t e r n a l l y by secondary 
generation of c a r r i e r s due to high reverse bias voltages. Avalanche 
photodiodes are not yet commonly a v a i l a b l e i n I I I / V m a t e r i a l s . 
Other o p t o - e l e c t r o n i c components that may have a f u t u r e r o l e i n 
o p t i c a l systems are devices that can be i n s e r t e d i n t o l o c a l area 
network f i b r e s to allow data to be added and subtracted to that 
already t r a v e l l i n g along the f i b r e . Of p a r t i c u l a r i n t e r e s t i s a 
component termed a transmissive detector and modulator (TDAM) [ 5 ] . 
Such devices are now being developed i n quantum w e l l constructions of 
(GaIn)(AsP)/InP m a t e r i a l s . 
There i s curr e n t i n t e r e s t i n the d i r e c t a m p l i f i c a t i o n of l i g h t i n 
f i b r e o p t i c a l systems without the need to convert the l i g h t back i n t o 
an e l e c t r i c a l s i g n a l as an intermediate step. A s u i t a b l e a m p l i f i e r i s 
a semiconductor l a s e r s t r u c t u r e , pumped to maintain a population 
i n v e r s i o n , but w i t h non r e f l e c t i v e facets to prevent o p t i c a l feedback 
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and l a s i n g o c c u r r i n g . The device then p r e f e r e n t i a l l y gives out l i g h t 
i n a coherent manner, i n phase and p r o p o r t i o n a l to an input f l u x of 
photons. 
I I I / V Semiconductors 
The semiconductor GaAs, has been used f o r many years f o r the 
manufacture of e l e c t r o n i c devices, e x p l o i t i n g i d e n t i c a l f a b r i c a t i o n 
technology to that used i n the s i l i c o n i n d u s t r y . Early examples of 
devices are Gunn diodes, and d i s c r e t e PET t r a n s i s t o r s . More re c e n t l y , 
GaAs has been used to f a b r i c a t e f a s t , r a d i a t i o n hard i n t e g r a t e d 
c i r c u i t s of both analogue and d i g i t a l type. The high e l e c t r o n m o b i l i t y 
of GaAs when compared w i t h s i l i c o n , has r e s u l t e d i n many attempts to 
use the m a t e r i a l f o r advanced, high speed devices, and many c i r c u i t s 
are i n commercial production. Advances i n s i l i c o n technology have 
always maintained s i l i c o n i n t e g r a t e d c i r c u i t performance at only 
s l i g h t l y reduced l e v e l s w i t h respect to GaAs in t e g r a t e d c i r c u i t s , and 
at a cheaper f a b r i c a t i o n cost. As a r e s u l t , GaAs e l e c t r o n i c devices 
have, to date, been applied to a few high cost, high performance 
a p p l i c a t i o n s . 
The I I I / V semiconductors GaAs and InP and t h e i r a l l o y s , d i f f e r 
considerably from s i l i c o n i n that they possess a d i r e c t band gap 
energy t r a n s i t i o n between the valence and the conduction bands, 
whereas s i l i c o n possesses an i n d i r e c t band-gap. The d i r e c t band-gap of 
many I I I / V semiconductors can be e x p l o i t e d to give r a d i a t i v e 
e l e c t r o n - h o l e recombination, whereas such devices cannot be fa b r i c a t e d 
using s i l i c o n technology. 
The e a r l i e s t examples of GaAs o p t o - e l e c t r o n i c l i g h t emitters were 
o r i g i n a l l y used as p r o x i m i t y fuses f o r m i l i t a r y a p p l i c a t i o n s . GaAs 
em i t t e r s have continued to be produced f o r other m i l i t a r y products 
such as range f i n d i n g and targ e t i l l u m i n a t i o n . More f a m i l i a r are the 
red, green and yellow LEDs found i n many commercial and domestic 
products and which are made from the semiconductors GaP or Ga(AsP). 
L i g h t e m i t t i n g devices based upon e p i t a x i a l c r y s t a l growth, were 
f i r s t f a b r i c a t e d from the GaAs/(GaAl)As a l l o y m a t e r i a l system, and 
operated at a wavelength of 0.85ijm. I n order to address longer 
wavelengths t h a t match the low loss windows of o p t i c a l f i b r e s at 1.3m 
and 1.55iim, a narrower band-gap a l l o y system has to be used. Suitable 
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m a t e r i a l s are (GaIn)(AsP) and (GaInAl)(As), grown upon InP substrates. 
(Gain)(AsP)/InP epitaxy i s the more f r e q u e n t l y used m a t e r i a l system, 
and the MOVPE of t h i s a l l o y i s covered i n depth i n chapter ( 4 ) . 
I t i s along w i t h the i n v e n t i o n of f i b r e o p t i c communication 
systems, t h a t more s o p h i s t i c a t e d I I I / V o p t o - e l e c t r o n i c semiconductor 
components have been developed. I n p a r a l l e l w i t h these a p p l i c a t i o n s , 
o p t i c a l read and w r i t e memory systems, which contain o p t o - e l e c t r o n i c 
components have been developed. An example of t h i s technology i s the 
compact disc player. 
Device F a b r i c a t i o n 
Figure (1.3) i l l u s t r a t e s the series of processes required to 
produce a packaged I I I / V semiconductor o p t o - e l e c t r o n i c component. I n 
most l a b o r a t o r i e s , the process s t a r t s w i t h procurement of substrates 
and e p i t a x i a l growth m a t e r i a l s . E p i t a x i a l layers are grown upon the 
s u b s t r a t e to v a r y i n g thicknesses and compositions. The sandwiches of 
m a t e r i a l s are subjected to processing stages whereby they are coated 
w i t h oxide and p h o t o - r e s i s t , and shaped i n t o s t r u c t u r e s using 
conventional photolithography, which are then s u i t a b l e f o r the 
confinement of l i g h t and e l e c t r i c i t y . A series of metal layers such as 
t i t a n i u m , platinum and gold are e l e c t r o n beam evaporated onto the top 
surface of the m a t e r i a l to act u l t i m a t e l y as a contact. The substrate 
i s thinned t y p i c a l l y from a thickness of 300ym to lOOym using a 
p o l i s h i n g technique, and an etch, such as bromine methanol f o r InP. 
The wafers are m e t a l l i s e d on the substrate side of the device, 
f o l l o w i n g which an a l l o y i n g step may take place to form an ohmic 
contact. The processed wafers are scribed and cleaved i n t o i n d i v i d u a l 
chips f o r t e s t i n g and v i s u a l i n s p e c t i o n . The above process i s l a r g e l y 
common to a l l device s t r u c t u r e s w i t h only the e p i t a x i a l growth 
sequence, the p h y s i c a l shape, and the method of e l e c t r i c a l contact to 
the device v a r y i n g . The device chips are soldered onto a small 
submount to a l l o w easy handling at the next stage which i s package 
assembly. 
A t y p i c a l trunk a p p l i c a t i o n laser package w i l l contain the laser 
on i t s submount, a P e l t i e r cooler to c o n t r o l the temperature of the 
device, and a monitor photodiode which detects l i g h t from the rear 
f a c e t of the l a s e r and sends e l e c t r i c a l s i g n a l s to a c o n t r o l c i r c u i t 
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monitoring the performance of the l a s e r . An o p t i c a l f i b r e p i g t a i l i s 
c a r e f u l l y a l i g n e d to the f r o n t facet of the las e r chip, and the whole 
of the package i s h e r m e t i c a l l y sealed. Many manufacturers are 
automating the above process to maximise y i e l d and reduce high labour 
costs. There i s now a tendency to add other components to the package 
such as s i l i c o n i n t e g r a t e d c i r c u i t s to provide value added products 
which the customer can t r e a t as normal e l e c t r o n i c components. An 
example i s a product which requires only a power supply and a TTL 
d r i v e s i g n a l , and which provides a modulated o p t i c a l l i g h t output. The 
e a r l y s o p h i s t i c a t e d h e r m e t i c a l l y sealed packages intended f o r low 
volume, high cost a p p l i c a t i o n s such as submarine communication l a s e r s , 
are being complemented by low cost, high volume products which are 
p l a s t i c encapsulated f o r l o c a l loop a p p l i c a t i o n s . 
E p i t a x i a l Layer Growth 
A l l of the above e l e c t r o - o p t i c devices r e q u i r e semiconductor 
la y e r s of d i f f e r i n g compositions of I I I / V elemental a l l o y s to be grown 
upon a s i n g l e c r y s t a l wafer or substrate. I n t h i s t h e s i s , the focus i s 
mainly upon the growth of the a l l o y s of g a l l i u m , indium, arsenic and 
phosphorus grown upon InP substrates. The growth of c r y s t a l l i n e layers 
of the order of a few microns thickness upon c r y s t a l l i n e substrates, 
w i t h the short and long range order of the c r y s t a l s t r u c t u r e remaining 
preserved, i s r e f e r r e d to as e p i t a x i a l l a y e r growth. 
There i s a v a r i e t y of techniques a v a i l a b l e to grow these layers, 
of which MOVPE i s the subject of t h i s t h e s i s . I n each case the 
o b j e c t i v e i s to grow c r y s t a l l i n e layers w i t h an average l a t t i c e 
parameter which u s u a l l y matches that of the substrate, and w i t h a 
c o n t r o l l e d composition to give m a t e r i a l of an appropriate band-gap. 
The d i f f e r e n t r e f r a c t i v e indexes of d i f f e r i n g m aterials are used to 
a f f e c t the way i n which l i g h t i s guided i n the f i n a l s t r u c t u r e . I n 
a d d i t i o n , i m p u r i t y doping of the d i f f e r e n t layers i s c o n t r o l l e d to 
achieve the desired e l e c t r i c a l and o p t i c a l behaviour of the f i n a l 
device. Many of the f o l l o w i n g techniques can be used also to grow 
I I / V I e p i t a x i a l m a t e r i a l such as zinc sulphide, zinc selenide and 
cadmium mercury t e l l u r i d e , but the d e t a i l s of these processes are 
beyond the scope of t h i s work. 
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L i q u i d Phase Epitaxy (LPE) 
L i q u i d phase epitaxy i s s t i l l the most commonly used method of 
I I I / V e p i t a x i a l growth, and was the e a r l i e s t successful technique [ 2 ] . 
The method consists of d i s s o l v i n g a mixture of the elements required 
f o r the e p i t a x i a l l a y e r i n a l i q u i d metal, which i s also required i n 
the f i n a l l a y e r . An example i s the a d d i t i o n of small amounts of indium 
phosphide, g a l l i u m arsenide and indium arsenide to molten indium to 
grow a l a y e r of (GaIn)(AsP). The l i q u i d charge i s then s o l i d i f i e d and 
t r a n s f e r r e d to the LPE r e a c t o r , along w i t h a c a r e f u l l y sized 
s u b s t r a t e . The whole furnace or reactor i s then heated f o r some time, 
f o l l o w i n g which the temperature i s g r a d u a l l y decreased. The s o l u t i o n s 
of I I I / V elements become supersaturated at s p e c i f i c temperatures, and 
the s u bstrate i s then moved to beneath the l i q u i d s o l u t i o n s , f o l l o w i n g 
which c r y s t a l growth occurs at a r a p i d r a t e w i t h the substrate a c t i n g 
as a seed f o r the supersaturated s o l u t i o n to nucleate upon. Growth i s 
f a s t , of the order of several microns i n tens of seconds, and proceeds 
f o r as long as the melt remains supersaturated. The melts and 
su b s t r a t e are a l l held i n a g r a p h i t e arrangement, termed a boat. 
P u r i f i e d hydrogen i s passed through the reactor to prevent ingress of 
water and a i r , and to sweep out vapours from the melts. The growth i s 
terminated by removing the substrate from beneath the f i n a l melt. The 
e a r l i e s t type of r e a c t o r was a t i p p i n g furnace, where g r a v i t y was used 
to t i p the melt over the substrate and then o f f again. The most modern 
LPE r e a c t o r s have several separate melts contained i n separate wells 
i n the g r a p h i t e boat to allow d i f f e r e n t compositions of materials to 
be grown. Wafers of up to 1.5cm by 3cm are grown upon. The graphite i s 
heated r a d i a n t l y by c a r e f u l l y p o sitioned resistance elements, outside 
a quartz glass tube surrounding the boat. I t i s necessary to provide 
an over pressure of the group V elements to prevent surface erosion of 
the s u b s t r a t e during the heat up phase. This over pressure i s usually 
provided by a c r y s t a l l i n e cover s l i c e coated w i t h a layer of the 
necessary group V element. An a l t e r n a t i v e method i s to use phosphine 
to provide phosphorus to prevent thermal erosion of an InP substrate. 
The main advantages of the LPE technique, are s i m p l i c i t y , low 
cost and a f a i r l y safe process, the only s i g n i f i c a n t hazard being the 
presence of hydrogen at high temperatures. These advantages have led 
to i t s widespread use as a production technique, however i t has 
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several disadvantages. Great c o n t r o l i s required over the temperature 
of the furnace since t h i s c o n t r o l s the supersaturation of the melts. 
Too high a temperature r e s u l t s i n the substrate or previously grown 
l a y e r s d i s s o l v i n g i n t o the melt ra t h e r than the growth of f u r t h e r 
l a y e r s , since the technique i s close to e q u i l i b r i u m . Even w i t h good 
c o n t r o l i t i s not possible to grow c e r t a i n l a y e r combinations, such as 
InP upon (Galn)As, and i n order to grow InP upon 1.55Mm emission 
(GaIn)(AsP), an intermediate higher band-gap quaternary layer i s 
required as an anti-melt-back b u f f e r l a y e r . I t has proved d i f f i c u l t to 
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reduce background c a r r i e r concentrations of layers to below 10 cm 
f o r InP based m a t e r i a l s , causing problems w i t h the performance of 
devices such as d e t e c t o r s . Scaling up of the technique to l a r g e r wafer 
sizes has proved d i f f i c u l t as has the growth of quantum w e l l layers of 
~100A or less due to the high growth rates encountered. 
Vapour Phase Epitaxy (VPE) 
There are two non metal-organic methods of vapour phase epitaxy 
i n common use, c h l o r i d e VPE and hydride VPE [ 6 ] . Both are e q u i l i b r i u m 
c r y s t a l growth techniques r e q u i r i n g a high degree of temperature 
c o n t r o l . I n I I I / V c h l o r i d e VPE r e a c t o r s , gaseous arsenic t r i c h l o r i d e 
or phosphorus t r i c h l o r i d e , i s passed over molten g a l l i u m or indium 
melts. Gaseous mixtures of the group I I I and V chlorides are then 
passed over the substrate i n a separate heated zone, and I I I / V a l l o y 
e p i t a x y takes place. 
The hydride VPE technique u t i l i s e s a gas stream of hydrogen 
c h l o r i d e passing over molten group I I I elements to produce metal 
c h l o r i d e s , and the group V elements are provided by p y r o l y s i s of 
a r s i n e and phosphine. The hydride technique i s the more commonly used. 
Substrate erosion has to be prevented p r i o r to c r y s t a l growth since 
the s u b s t r a t e i s at a high temperature p r i o r to i n t r o d u c t i o n of the 
r e a c t a n t s . 
The h i g h l y c o r r o s i v e nature of the gases used has r e s u l t e d i n 
re a c t o r s being f a b r i c a t e d l a r g e l y from quartz glass. Separate regions 
of the r e a c t o r are o f t e n used to grow d i f f e r e n t layers i n order to 
improve i n t e r f a c e abruptness. This however requires complex substrate 
movements. 
High q u a l i t y m a t e r i a l has been grown using VPE techniques, and 
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some companies use t h i s method i n a two inch production environment. 
The f r a g i l i t y of the glassware, and the t o x i c nature of the reactants 
have prevented widespread use of the technique. 
Metal Organic Vapour Phase Epitaxy (MOVPE) 
There are several a l t e r n a t i v e t i t l e s to the MOVPE technique, 
i n c l u d i n g MOVPE and OMVPE (organo-metallic vapour phase e p i t a x y ) . A 
f u r t h e r v a r i a t i o n i s MOCVD (metal organic chemical vapour d e p o s i t i o n ) . 
The f i r s t two t i t l e s emphasise the c r y s t a l l o g r a p h i c nature of the 
grown f i l m s , whereas MOCVD i n f e r s a cruder d e p o s i t i o n technique which 
does not give ordered c r y s t a l l o g r a p h i c f i l m s . The l a t t e r term can also 
be applied to d e p o s i t i n g p o l y c r y s t a l l i n e layers such as metal f i l m s 
from metal a l k y l vapours. 
MOVPE was f i r s t e stablished as a c r y s t a l growth technique by 
Manasevit et a l i n 1968, during i n v e s t i g a t i o n s upon the growth of GaAs 
upon i n s u l a t o r s such as sapphire [ 7 ] . Over the years the technique has 
developed as a r e s u l t of improvements i n reactor design and s t a r t i n g 
chemicals, and established c r e d i b i l i t y i n 1981 w i t h the f i r s t of a now 
reg u l a r b i e n n i a l s e r i e s of conferences dedicated to the f i e l d . I t i s 
cl e a r that the technique i s w e l l established due to the number of 
companies that are using i t as a production process. S u b s t i t u t i o n of 
the hazardous hydrides w i t h safer chemicals which are presently under 
i n v e s t i g a t i o n , w i l l f u r t h e r enhance the long term l i f e - s p a n of the 
technique. 
I n c o n t r a s t to l i q u i d and conventional vapour phase epitaxy, 
MOVPE i s a non e q u i l i b r i u m process whereby metered amounts of metal 
organic reactants such as tr i m e t h y l i n d i u m and t r i m e t h y l g a l l i u m , along 
w i t h metered amounts of the hydrides arsine and phosphine are supplied 
to a heated r e a c t i o n zone, whereby p y r o l y s i s o f the reactants occurs 
and e p i t a x i a l growth takes place. I t i s a hydrodynamic technique, and 
many aspects of the epitaxy are c o n t r o l l e d by the conventional 
c o n s t r a i n t s of f l u i d dynamics. 
Advantages of the technique include a robust, a l b e i t complex 
s t a i n l e s s s t e e l gas d e l i v e r y system, w i t h only the r e a c t i o n chamber 
being constructed from quartz glass. High l e v e l s of e p i t a x i a l 
composition and thickness c o n t r o l have been demonstrated, along w i t h 
low c a r r i e r concentrations and high m o b i l i t i e s . Many d i f f e r e n t devices 
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have been f a b r i c a t e d using the technique. The large number of 
commercial companies supplying chemical sources and complete reactors, 
has ensured a widespread and growing a p p l i c a t i o n of the technique to 
research, development and production r o l e s . The economic advantages of 
the technique centre around the a b i l i t y to grow upon two inch wafers, 
w i t h high l e v e l s of compositional u n i f o r m i t y , along w i t h a high degree 
of f l e x i b i l i t y of the apparatus, a l l o w i n g d i f f e r e n t devices to be 
f a b r i c a t e d i n consecutive growth runs. The use of a standard wafer 
s i z e of two inches, allows established wafer handling and processing 
machines to be used f o r automated production, so lowering overheads. 
Growth rates are t y p i c a l l y of the order of a few microns per hour, 
a l l o w i n g t h i n quantum w e l l layers and sharp i n t e r f a c e s to be achieved. 
The c a p a b i l i t i e s of MOVPE are catching up w i t h MBE. The non 
e q u i l i b r i u m nature of the chemistry permits most combinations of 
ma t e r i a l s to be grown upon each other. 
There are several disadvantages of MOVPE, namely a s i g n i f i c a n t l y 
increased c a p i t a l cost w i t h respect to l i q u i d phase epitaxy, along 
w i t h the use of h i g h l y t o x i c gases. The l a t t e r subject i s considered 
i n a l a t e r chapter of t h i s t h e s i s , however i t i s worth n o t i n g that 
only h i g h l y t r a i n e d people can operate the apparatus, and the machine 
i n t e g r i t y , e x t r a c t i o n p l a n t , and t o x i c gas monitoring apparatus, 
c o n t r i b u t e to high overheads. I n common w i t h other vapour phase 
e p i t a x i a l techniques, p o l l u t i o n c o n t r o l and monitoring form a f u r t h e r 
p a r t of the o v e r a l l f a c i l i t y and r a i s e costs. 
Molecular Beam Epitaxy (MBE) 
Molecular beam epitaxy i s an e n t i r e l y d i f f e r e n t type of growth 
technique [ 8 ] . A heated substrate i s located i n a high vacuum chamber 
and beams of atoms which are c o n s t i t u e n t s of the e p i t a x i a l layer are 
d i r e c t e d towards the substrate. The method i s b a l l i s t i c rather than 
hydrodynamic, the i n c i d e n t beams are derived from elemental sources 
such as g a l l i u m and arsenic, the l a t t e r p r o v i d i n g a source of AS2 and 
As^ molecules. The beams are turned on and o f f using mechanical 
s h u t t e r s . Growth proceeds according to the number of f r e e atoms that 
s t i c k to the growing surface. Advantages of the technique include a 
c a p a b i l i t y f o r very slow growth rates and consequently a high degree 
of low dimensional s t r u c t u r e c o n t r o l . The technique i s extensively 
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used i n research l a b o r a t o r i e s and u n i v e r s i t i e s throughout the world to 
grow s u p e r l a t t i c e s and novel m a t e r i a l s . There are however several 
disadvantages, i n c l u d i n g high c a p i t a l expense due to use of a large 
amount of high vacuum apparatus, and long down times when sources 
r e q u i r e replacement, or machines r e q u i r e cleaning, due to a need to 
expel a l l traces of water and oxygen p r i o r to resuming growth. Excess 
deposits of arsenic are c o l l e c t e d upon cryogenic panels. Phosphorus 
compounds are d i f f i c u l t t o grow due t o d e b i l i t a t i n g e f f e c t s upon 
vacuum pumps, and the presence of large q u a n t i t i e s of pyrophoric 
deposits upon opening machines f o r s e r v i c i n g and cleaning. MBE has 
however proved to be a valuable research t o o l and i n some cases a 
production method f o r the f a b r i c a t i o n of GaAs FETs. 
Metal Organic Molecular Beam Epitaxy (MOMBE) 
There i s a v a r i e t y of e p i t a x i a l growth methods which span the 
range from conventional atmospheric pressure and low pressure MOVPE 
through to MBE type growth according to the pressure used w i t h i n the 
growth chamber. A h y b r i d technique i s MOMBE [ 9 ] , whereby metal-organic 
and group V hydride sources are fed to a high vacuum MBE chamber v i a 
high impedance o r i f i c e s . The vacuum chamber i s of a s i m i l a r design to 
that used i n MBE, although the r e a c t i o n chemistry i s d i f f e r e n t . The 
technique appears to e l i m i n a t e many of the source problems encountered 
using MBE, and also allows phosphorus compounds to be grown. However 
the equipment i s expensive, e s s e n t i a l l y combining the gas handling 
apparatus of an MOVPE rea c t o r , w i t h the high vacuum components of an 
MBE f a c i l i t y . The use of t o x i c hydrides also makes MOMBE u n a t t r a c t i v e , 
but many workers perceive i t as the growth technique of the f u t u r e . 
Summary 
The above i n t r o d u c t i o n has attempted to provide a background 
s e t t i n g of c r y s t a l growth techniques and components, through to 
systems concepts and engineering that have dr i v e n I I I / V component 
technology forward, and hence research and development i n t o MOVPE of 
InP and (GaIn)(AsP) a l l o y s . The f o l l o w i n g chapters of t h i s thesis deal 
s p e c i f i c a l l y w i t h d i f f e r e n t aspects of the MOVPE growth technique. 
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I n t h i s chapter the r e a c t i o n mechanisms of MOVPE are 
discussed, the choice of the various source chemicals 
considered and the methods of preparation of the a l k y l 
sources o u t l i n e d . 
Reaction Mechanism f o r MOVPE 
MOVPE was o r i g i n a l l y proposed on the basis that the simple 
r e a c t i o n of the type: 
AsH^ + GaCCH^)^ = GaAs + 3CH^ 
was possible. I t i s a non e q u i l i b r i u m process c a r r i e d out at 
elevated temperatures of 550°C to greater than 1000°C. The upper 
temperature l i m i t i s p a r t i a l l y based upon the temperature that the 
r e a c t i o n vessel can withstand, the melting points of the c r y s t a l 
s u b s t r a t e s , and the temperature at which the GaAs f a i l s to be 
deposited and s t a r t s to evaporate or dissoc i a t e s to Ga and As. 
Preferred growth temperatures tend to be around 650°C f o r InP and 
(Galn)As based m a t e r i a l s , and around 750°C f o r aluminium containing 
compounds. The growth r a t e of the compound always appears to be a 
l i n e a r f u n c t i o n of the group I I I metal molecules a r r i v i n g at the 
growth zone, and normally i s independent of the excess of group V 
gases. 
The exact r e a c t i o n process, namely the order i n which the 
hydrocarbon groups are removed from the metal a l k y l s , the r o l e the 
hydrides play i n the process and the p o s i t i o n i n the reactor where 
these processes take place i s not w e l l understood. D i f f e r e n t r e a c t i o n 
paths may e x i s t f o r d i f f e r e n t s t a r t i n g m aterials and f o r d i f f e r e n t 
growth c o n d i t i o n s . Whilst these areas are not understood, MOVPE has 
acquired the mark of m a t u r i t y of being used as a production technique, 
but a more complete understanding w i l l help to obt a i n b e t t e r transport 
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p r o p e r t i e s and to e x p l o i t the d i f f e r e n t growth habits a v a i l a b l e , so 
advancing device design. 
At a recent conference [ 1 0 ] , a consensus emerged upon a probable 
r e a c t i o n route. The hydride and metal-organic molecules once 
introduced i n t o the hot r e a c t i o n zone are heated i n the gas stream and 
boundary la y e r above the susceptor by radiant heat. Some of the 
hydrocarbon groups may be removed from the metal-organic molecule 
w h i l s t s t i l l i n the gas stream, l e a v i n g a h i g h l y r e a c t i v e metal-methyl 
r a d i c a l to be adsorbed onto the surface of the hot substrate. The 
hydride reacts w i t h the metal-methyl r a d i c a l on the surface of the 
m a t e r i a l , l i b e r a t i n g an alkane and hydrogen. Both the group I I I and 
the group V atoms then accommodate themselves i n appropriate po s i t i o n s 
i n the semiconductor c r y s t a l l a t t i c e , forming an e p i t a x i a l l a y e r . 
S uitable reactions f o r InP may be: 
1) ... (CE^)^ln^^^ = CH3ln^g^ + 2(CE^)..gas phase. 
2) ... Adsorption of (CH2)In onto the c r y s t a l surface 
3) ... PH-/ . + CH-In, , = InP, . + CH,, . + 2H ..surface 
3(g) 3 ( s ) ( s ) 4(g) 
4) ... 2(CH2) + 2H = 2CH^^g^ ..surface ? 
5) ... 2H = ^2(g) •-excess hydrogen l i b e r a t e d from PH^ 
The law of mass a c t i o n applied o v e r a l l to these reactions gives: 
[(CE^)^ln].lPli^] = constant (2.2) 
[InP].lCH^]3 
Evidence f o r the above r e a c t i o n mechanism has been compiled from 
a v a r i e t y of sources. S t r i n g f e l l o w et a l have undertaken o p t i c a l 
a bsorption and time of f l i g h t mass spectrometry measurements upon 
hydride and metal-organic mixtures, and have determined that no 
rea c t i o n s occur at room temperatures to form adducts [ 1 1 ] . This 
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i n d i c a t e s t h a t the MOVPE r e a c t i o n most l i k e l y takes place close to the 
hot e p i t a x i a l l a y e r . 
An excess of the group V species i s always required to produce 
e p i t a x i a l m a t e r i a l . This may be due to the f a c t that considerable 
amounts of arsenic and phosphorus are deposited onto the reactor walls 
wherever the quartz i s cool enough to allow condensation. I t i s not 
c l e a r i f a l l the group V p y r o l y s i s takes place close to the substrate, 
however the author has observed increased phosphorus deposits upon the 
quartz r e a c t o r tube i f the substrate i s present, or i f an InP coated 
susceptor i s used compared w i t h using a new v i r g i n susceptor. 
A large amount of evidence i n d i c a t e s t h a t the hydrogen released 
from the excess of the group V compounds has an important r o l e to play 
i n combining w i t h the methyl or e t h y l groups from the group I I I 
compounds to form alkanes. F a i l u r e to provide hydrogen such as when 
using arsenic vapour, or group V compounds where the hydrogen has been 
f u l l y replaced by organic groups, appears to lead to carbon 
i n c o r p o r a t i o n i n the epitaxy [12,13]. 
13 
Lum et a l have i d e n t i f i e d carbon 13 ( C) i n GaAs layers grown 
using t r i m e t h y l a r s e n i c w i t h l a b e l l e d a l k y l groups. Further, a d d i t i o n 
13 13 of C l a b e l l e d methane to the c a r r i e r gas d i d not r e s u l t i n C being 
incorporated i n t o the e p i t a x i a l layers [ 1 4 ] . This in d i c a t e s that any 
carbon i n c o r p o r a t i o n must occur p r i o r to formation of the methane 
molecules and that methyl r a d i c a l s must e x i s t at the e p i t a x i a l 
surface. 
The p o s s i b i l i t y of hydrogen from the c a r r i e r gas being involved 
i n the r e a c t i o n , i s u n l i k e l y since e p i t a x i a l growth of good q u a l i t y 
has been reported when using n i t r o g e n and helium as c a r r i e r gases 
[15,16]. The f l u i d dynamic behaviour of the reactor was however 
modified. Deuterium has also been used as a c a r r i e r gas when studying 
MOVPE. Mass spectrometer analysis of r e a c t i o n products has indicated 
t h a t methane was s t i l l formed, but that n e i t h e r ethane or CH^ D were 
detected [ 1 7 ] . 
Evidence th a t atomic hydrogen, l i b e r a t e d from the hydrides i s 
present at the growing surface, i s also provided by work upon hydrogen 
p a s s i v a t i o n of p-type InP d e t a i l e d i n the doping chapter of t h i s 
t h e s i s . 
I t i s the author's opinion that MOVPE chemistry i s predominantly 
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a surface r e a c t i o n upon the e p i t a x i a l l a y e r , and that the removal of 
the l a s t hydrogen atoms from the group V compounds, and the a l k y l 
groups from the group I I I compounds takes place simultaneously. 
Metal-Organic Compounds 
The choice of metal-organic compounds a v a i l a b l e to grow a 
s p e c i f i c m a t e r i a l i s u s u a l l y l i m i t e d . For g a l l i u m compounds, e i t h e r 
t r i m e t h y l g a l l i u m (TMGa) or t r i e t h y l g a l l i u m (TEGa) have been 
s u c c e s s f u l l y used, the major d i f f e r e n c e being the vapour pressures. 
S i m i l a r l y trimethylaluminium (TMAl) and t r i e t h y l a l u m i n i u m (TEAl) are 
used f o r growing aluminium c o n t a i n i n g compounds. There i s a tendency 
to avoid mixing e t h y l and methyl compounds to avoid carbon group 
exchange reactions t a k i n g place en route to the r e a c t i o n chamber, 
however evidence that t h i s a r e a l problem i n modern reactors i s not 
a v a i l a b l e . 
The choice of indium precursor i s more d i f f i c u l t , and the subject 
of c o n t i n u i n g research. O r i g i n a l l y only t r i e t h y l i n d i u m (TEIn) was 
a v a i l a b l e as a pure indium precursor, and t h i s m a t e r i a l w h i l s t a 
l i q u i d at room temperature, has a low vapour pressure compared to 
t r i m e t h y l g a l l i u m . To o b t a i n e p i t a x i a l growth from t h i s compound i t i s 
necessary e i t h e r to supply very high flow rates through the bubbler, 
or to heat the source and subsequent pipework. I t also tends to form 
an aerosol over the susceptor g i v i n g r i s e to dust and poor growth. 
When used at low pressure ( = 7 6 t o r r ) , and when w e l l p u r i f i e d , i t can 
be used f o r the growth of high q u a l i t y InP. 
The group I I I metal a l k y l s and group V hydrides are r e s p e c t i v e l y 
Lewis acids and Lewis bases and i t i s the formation of an adduct 
between the indium compounds and the hydrides, p a r t i c u l a r l y arsine, 
th a t i s believed to cause problems when mixed at atmospheric pressure. 
I t i s believed t h a t the indium a l k y l s and the hydrides, a f t e r forming 
an adduct, then i r r e v e r s i b l y polymerise to form a stable compound that 
no longer takes part i n the epitaxy [ 1 8 ] . 
For atmospheric pressure growth, the p r e f e r r e d precursor i s 
t r i m e t h y l i n d i u m (TMIn). Whilst s t i l l having a low vapour pressure 
compared to t r i m e t h y l g a l l i u m , by heating the source to around 50°C, 
reasonable flows of t r i m e t h y l i n d i u m can be supplied to the re a c t i o n 
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chamber. I t i s more s t a b l e than t r i e t h y l i n d i u m i n the presence of 
hydrides at one atmosphere pressure, but s t i l l undergoes a rea c t i o n 
w i t h a r s i n e . This phenomenon has been seen on a v a r i e t y of reactors 
i n c l u d i n g the author's [ 2 1 ] , a brown deposit i n the vent l i n e where 
the group I I I and group V gases mixed, was chemically analysed and 
found to consist mainly of indium and arsenic. Whilst t h i s does not 
appear to i n t e r f e r e to any major extent w i t h the main high temperature 
r e a c t i o n , i t poses s u f f i c i e n t concern to avoid mixing of the group I I I 
and V compounds u n t i l j u s t before the r e a c t i o n chamber. 
The major problem w i t h the use of t r i m e t h y l i n d i u m i s that i t i s a 
s o l i d at room temperature, and using i t above the melting point of 
87"C r e s u l t s i n too high a vapour pressure and pipework has to be 
heated to high temperatures to avoid condensation. The s o l i d i s 
believed to be a polymeric tetramer but the vapour i s monomeric [ 2 2 ] . 
The use of t r i m e t h y l i n d i u m i s d e a l t w i t h i n greater depth i n a l a t e r 
chapter. 
A method that has been used to avoid polymeric adduct formation 
i s to d e l i b e r a t e l y adduct the Lewis acid indium a l k y l w i t h a stable 
group V Lewis base. Moss et a l have succe s s f u l l y used tr i m e t h y l i n d i u m -
trimethylphosphorus and trimethylgallium-trimethylphosphorus adducts 
to grow InP and (Galn)As of high q u a l i t y [ 1 8 ] . The adduct has been 
formed e i t h e r as an i n - s i t u r e a c t i o n product i n the gas handling areas 
of an MOVPE rea c t o r , or from a pre-formed adduct. The adduct, formed 
at room temperature, i s returned to the o r i g i n a l two compounds when 
rai s e d to e p i t a x i a l growth temperatures. The base part of the adduct 
does not take part i n the MOVPE r e a c t i o n . Bass et a l have also grown 
(Galn)As by the adduct route using a pre-formed t r i m e t h y l i n d i u m -
trimethylamine adduct [ 2 3 ] . 
A f u r t h e r advantage of adducts i s that since the e l e c t r o n 
a f f i n i t y of the metal a l k y l i s s a t i s f i e d by the presence of the group 
V compound, the adduct i s more st a b l e than the pyrophoric metal 
organic compounds. This i n t u r n eases handling and p u r i f i c a t i o n . Many 
of the adduct sources are l i q u i d s at room temperature. 
An a l t e r n a t i v e to the above indium precursors i s 
di m e t h y l e t h y l i n d i u m . This i s a l i q u i d at room temperature and has an 
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acceptable vapour pressure. However recent studies at Queen Mary 
College, London, have revealed that the compound undergoes carbon 
group exchange rea c t i o n s r e s u l t i n g i n a mixture of tri m e t h y l i n d i u m , 
d i m e t h y l e t h y l i n d i u m , diethylmethylindium and t r i e t h y l i n d i u m [ 2 4 ] . I f 
used as an MOVPE precursor, the most v o l a t i l e compound would evaporate 
more q u i c k l y than the l e a s t v o l a t i l e , causing the o v e r a l l mole 
f r a c t i o n of indium compound reaching the growth chamber to vary 
through the l i f e of the source. This i s unacceptable f o r a l l o y growth, 
however Fry et a l have used t h i s m a t e r i a l s u c c e s s f u l l y to grow InP and 
(Galn)As of reasonable q u a l i t y and claim from mass spectrometer 
s t u d i e s that only one indium compound i s present [ 2 5 ] . 
Table (2.1) summarises data upon commonly used metal-organic 
compounds. 
Group V Precursors 
Other new ma t e r i a l s being developed are the a l t e r n a t i v e a l k y l 
precursors to arsine and phosphine. The impetus f o r t h i s work i s 
mainly based upon s a f e t y and a desire to avoid the use of high 
pressure t o x i c gases. Toxic l i m i t values f o r arsine and phosphine are 
0.05 and 0.3 ppm r e s p e c t i v e l y . Some successful work has been achieved 
w i t h the growth of InP and GaAs but problems remain w i t h the cost of 
mat e r i a l s and w i t h carbon i n c o r p o r a t i o n . However l o c a l resident 
r e s i s t a n c e and new l e g i s l a t i o n i n the U.S.A. i s f o r c i n g companies to 
look c a r e f u l l y a t developments i n t h i s f i e l d . 
A f u r t h e r problem w i t h arsine and phosphine i s the disparate 
cracking rates of the two gases at 650°C [ 2 6 ] . The extent of t h i s 
problem w i l l become cle a r l a t e r , but i t i s an a d d i t i o n a l d r i v e towards 
f i n d i n g arsenic and phosphorus compounds that have more equal cracking 
r a t e s . The use of higher order, and less s t a b l e compounds of 
phosphorus, eg. ^ 2^^ been considered but has met w i t h low 
enthusiasm from manufacturers since these compounds have an even 
higher l e v e l of t o x i c i t y . 
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Lum has reported the growth of GaAs using a r s i n e , 
t r i m e t h y l a r s e n i c , t r i e t h y l a r s e n i c , d i e t h y l a r s i n e and 
t e r t i a r y b u t y l a r s i n e (t-Bu-AsH2) [ 1 4 ] . I n general i t was found that the 
more hydrogen bonded d i r e c t l y to the arsenic atoms, the b e t t e r the 
e p i t a x y i n terms of morphology, luminescence and low c a r r i e r 
c o n c e n t r a t i o n . Many of the layers were carbon contaminated from the 
a l k y l r a d i c a l s , such as CH^ from the t r i m e t h y l a r s e n i c . Unfortunately 
the t o x i c i t y of the compounds i s also believed to increase w i t h more 
hydrogen bonded to the arsenic, however the t o x i c i t y of 
t e r t i a r y b u t y l a r s i n e i s s t i l l believed to be lower than that of arsine, 
and i t i s also used as a l i q u i d at atmospheric pressure rather than as 
a high pressure gas. 
Growth from a pure arsenic vapour source has y i e l d e d poor epitaxy 
and high l e v e l s of carbon i n c o r p o r a t i o n [ 1 2 ] . 
Attempts to use trimethylphosphorus and triethylphosphorus as 
s t a r t i n g m a t e r i a l s f a i l e d due to the s t a b i l i t y of these compounds. 
Indeed high q u a l i t y (Galn)As has been grown using the t r i m e t h y l i n d i u m -
trimethylphosphorus adduct implying that the triethylphosphorus 
remains unpyrolysed [ 1 8 ] . L i q u i d group V sources that have given good 
e p i t a x i a l growth include d i e t h y l a r s i n e [ 2 7 ] , t e r t i a r y b u t y l p h o s p h i n e 
and isobutyl-phosphine [ 2 8 ] . Chen et a l have reported the growth of 
high q u a l i t y InP using t e r t i a r y b u t y l p h o s p h i n e at 600°C when using a 
V / I I I r a t i o of as low as 3:1 [ 2 9 ] . During the p y r o l y s i s of each of 
these compounds, hydrogen i s released which has been bonded d i r e c t l y 
to the group V atoms. 
An i n t e r e s t i n g a l t e r n a t i v e to using phosphine, i s to use red 
phosphorus evaporated from a furnace i n a hydrogen gas flow. Naitoh et 
a l have shown th a t InP f r e e of carbon contamination can be grown using 
t h i s method [ 1 3 ] . Phosphine i s produced by passing the 
phosphorus-hydrogen mixture through a hydrogen plasma generated by 
microwaves. When using t h i s process without the plasma, carbon 
contamination was found to occur. 
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Preparation of Metal-Organic Compounds 
Metal organic compounds have been a v a i l a b l e f o r a considerable 
time. Trimethylaluminium f o r example was f i r s t prepared i n 1865 [ 2 2 ] , 
however i t i s only d u r i n g the l a t t e r h a l f of t h i s century that large 
q u a n t i t i e s of the ma t e r i a l s have become a v a i l a b l e . One of the main 
s t a r t i n g routes f o r the compounds i s from trimethylaluminium, which i s 
used i n l a r g e q u a n t i t i e s as a c a t a l y s t i n the manufacture of polymers. 
There are several methods of preparing the various compounds, a simple 
route being to heat the m e t a l l i c metal w i t h dimethylmercury: 
2Ga + 3(CU^)2lig = 2(,ai^)^Ga + 3Hg 
Dimethylmercury i n t u r n i s r e a d i l y synthesised v i a r e a c t i o n w i t h 
a l k y l h a l i d e s . Trimethylaluminium can be synthesised by the exothermic 
r e a c t i o n of aluminium w i t h an a l k y l h a l i d e to give a sesquihalide 
which i n t u r n i s reduced to the aluminium a l k y l by r e a c t i o n w i t h an 
a l k a l i metal: 
2A1 + 3CH2CI = (CH3)2Al2Cl3 
(CE^)^A1^C1^ + 3Na = (CH3)3A1 + A l + 3NaCl 
Another route f o r metal-organic preparation i s to use Grignard 
reagents, magnesium compounds formed r e a d i l y by the r e a c t i o n of 
magnesium w i t h an a l k y l h a l i d e . The Grignard reagent i s reacted w i t h 
i n d i u m t r i c h l o r i d e i n ether: 
ether 
3CH3MgCl + I n C l ^ = (CE^)^In + 3MgCl2 
A t h i r d route i s to react the metal c h l o r i d e w i t h methyl l i t h i u m 
i n ether: 
ether adduct 
I n C l ^ + 3CH2Li = 3LiCl + {CE^)^lniO(C2E^)2 
The very high p u r i t y precursors required f o r MOVPE, place 
s t r i n g e n t demands upon the preparation routes f o r the metal a l k y l s . To 
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ob t a i n doping l e v e l s of 10 cm f o r example, i t i s necessary to 
p u r i f y source m a t e r i a l s to part per b i l l i o n l e v e l s of compounds that 
can be e a s i l y incorporated during epitaxy. I t i s necessary to remove 
obvious dopants such as zinc and s i l i c o n , deep l e v e l dopants such as 
t r a n s i t i o n elements and oxygen, and also to remove organic 
contaminants which may catalyse undesirable reactions such as between 
t r i m e t h y l i n d i u m and arsine at room temperature [ 3 0 ] . 
The methyl l i t h i u m preparation route has been shown to be good 
f o r removal of t r a n s i t i o n elements. D i s t i l l a t i o n o f the etherate 
removes non v o l a t i l e i m p u r i t i e s . For tr i m e t h y l i n d i u m , a f u r t h e r 
p u r i f i c a t i o n step has been used to reduce z i n c , cadmium and s i l i c o n to 
very low concentrations. 
This process, c a l l e d the "diphos" process uses the Lewis 
acid-Lewis base adduct of t r i m e t h y l i n d i u m w i t h the compound 1,2 
b i s ( d i p h e n y l phosphino) ethane ("diphos") [ 3 0 ] . Benzene i s added to 
the etherate along w i t h diphos. The v o l a t i l e ether group i s displaced, 
and a new 2:1 adduct i s formed between the tr i m e t h y l i n d i u m and the 
diphos: 
CH^ CH^ 
CH^ — I n — CH^ C H ^ — I n — C H ^ 
CgH^— P CH2— CH2 P —CgH^ 
^6^5 ^6^5 
Zinc, cadmium and hydrogen selenide do not form diphos adducts 
and so are e l i m i n a t e d at t h i s stage. S i l i c o n contamination of sources 
i s h e a v i l y reduced using t h i s p u r i f i c a t i o n technique. 
Once synthesised, the metal-organic materials are tr a n s f e r r e d to 
s t a i n l e s s s t e e l all-welded bubblers. The bubblers are cleaned, etched 
and chemically passivated, and f i n a l l y leak tested before use. These 
sources are then s u i t a b l e f o r surface shipment, storage and can be 
d i r e c t l y and q u i c k l y plumbed onto MOVPE rea c t o r s . Whilst the l i q u i d 
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compounds can be decanted i n t o the bubblers under oxygen and water 
f r e e c o n d i t i o n s , t r i m e t h y l i n d i u m has e i t h e r to be shovelled or 
r e c r y s t a l l i s e d i n t o place by subliming the vapour i n t o a cooled 
bubbler. The former method, though easier, tends to give more 
contaminated m a t e r i a l due to exposure to trace gases i n the dry-box. 
Table (2.1) Properties of metal-organic compotmds: 
Compound Melting Bo i l i n g Association Reaction Reaction Vapour Pressure 
Point Point i n a i r i n water Eqn (mm Hg) 
"C "C 
(Cj H g l j I n -32 184 Monomeric Pyrophoric Hydrolysis 
( C H j ) j I n 88 135 Monoraeric Pyrophoric Explosive LogjjjP=ll. 2-3261/T(K) 
i n vapour hydrolysis 
(CjHgjjGa -82.3 143 Monomeric Pyrophoric Violent Logj^pP=8.224-222/T(K) 
hydrolysis 
(CHjjjGa -15.8 92 Monomeric Pyrophoric Violent Log^uP=8.07-1703A(K) 
hydrolysis 
( C ^ H j l j A l -52.5 185.6 Unstable Pyrophoric ? Log^jjP=10.78-3625/T(K) 
dimer 
(CHj I j A l 15 126 Dimeric Pyrophoric Explosive Log^QP=7.315-1534/(T-53) 
vapour hydrolysis 
(CHjj^Zn -29.2 44 Monomeric Pyrophoric Logj^gP=7.802-1560/T(K) 
(CHjjjCd -2.4 105.5 Monomeric Pyrophoric Logj^gP=7.764-1850A(K) 





I n t h i s chapter we w i l l f i r s t consider the c r y s t a l 
s t r u c t u r e of InP and other I I I / V semiconductor compounds, 
then the various regimes of c r y s t a l growth, and f i n a l l y 
r e p o r t upon the e f f e c t of changing the growth conditions on 
the e p i t a x i a l l a y e r p r o p e r t i e s . 
C r y s t a l S t r u c t u r e of InP 
The c r y s t a l s t r u c t u r e of InP consists of two i n t e r s e c t i n g c r y s t a l 
networks of face centred cubic atoms, one network c o n s i s t i n g of indium 
atoms and the other of phosphorus, displaced by a quarter of the body 
diagonal. 
The l a t t i c e parameter of InP i s 5.8688A and the band gap energy 
i s 1.35eV. Further data upon InP and other I I I / V semiconductor 
m a t e r i a l s are a v a i l a b l e from the paper by Adachi et a l [ 3 1 ] . 
The planes of easiest cleavage of the m a t e r i a l are the {110} 
type and i t i s these planes that are used as cleavage planes when 
f a b r i c a t i n g devices. 
Closer c o n s i d e r a t i o n of the c r y s t a l s t r u c t u r e of the m a t e r i a l 
shows that the {111} type planes can consist of a surface layer of 
e i t h e r indium atoms bonded to the adjacent s t r u c t u r e by 3 bonds or 
conversely phosphorus atoms bonded by three bonds. One remaining bond 
i s l e f t dangling i n each case. Careful s e l e c t i o n of chemical etches 
can allow m a t e r i a l to be removed w i t h the etching stopping at the 
appropriate {111} face, so a l l o w i n g 'v' grooves and d o v e t a i l s to be 
etched i n {100} surfaces. 
E p i t a x i a l C r y s t a l Growth 
The model o f t e n used to simulate the e p i t a x i a l growth upon a 
s u b s t r a t e i s to consider a surface w i t h defects or an atomic step 
present. Atoms or molecules co n t a i n i n g indium and phosphorus a r r i v e at 
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the surface d u r i n g growth and move over the surface, sometimes 
evaporating again u n t i l they f i n d an e n e r g e t i c a l l y favourable s i t e 
upon which to s e t t l e . This u s u a l l y means a p o s i t i o n where the largest 
number of atomic bonds can be s a t i s f i e d . Once a few atoms have 
s u c c e s s f u l l y bonded i n t o p o s i t i o n , f u r t h e r atoms w i l l p r e f e r to bond 
alongside the f i r s t a r r i v a l s to maximise the number of s a t i s f i e d 
bonds. I n t h i s way the c r y s t a l growth tends to spread sideways and can 
be seen to be l a r g e l y two dimensional, each i n d i v i d u a l c r y s t a l plane 
being completed before growth on the next plane i s e n e r g e t i c a l l y 
favourable to the i n f l u x of atoms. F a i l u r e to provide adequate surface 
m o b i l i t y f o r the reactants leads to three dimensional growth and the 
formation of h i l l o c k s and i n c l u s i o n of c r y s t a l defects i n the epitaxy. 
The surface m o b i l i t y may be enhanced by increasing the growth 
temperature, i . e . the v e l o c i t y of the reactants over the surface of 
the m a t e r i a l , decreasing the pressure i n the re a c t o r , i . e . increasing 
the mean fr e e path, and possibly by modifying the chemistry of the 
surface r e a c t i o n s . I t has been found that h i l l o c k formation i s 
c e r t a i n l y enhanced at low growth temperatures, and that at a low 
growth temperature the morphology of InP grown using t r i m e t h y l i n d i u m 
i s i n f e r i o r to that grown using t r i e t h y l i n d i u m [ 3 2 ] . 
The l i k e l i h o o d of i n t r o d u c i n g three dimensional growth i s 
enhanced i f too many atoms are t r y i n g to coalesce upon the surface at 
the same time and f o r t h i s reason i t i s important to ensure that 
growth r a t e e f f e c t s are c a r e f u l l y studied and that the growth r a t e i s 
not too high. 
I t i s i n t e r e s t i n g to compare the growth upon {100} and {111} 
faces. The f o l l o w i n g photograph ( f i g u r e 3.1) i l l u s t r a t e s that i f a 
{111} face i s introduced i n t o the growth environment, t h i s forms the 
slowest growth plane, g i v i n g r i s e to pyramidal and t r i a n g u l a r features 
nearby. This can be explained by the {111} faces having only one free 
bond a v a i l a b l e , and a l t e r n a t e layers of indium and phosphorus being 
r e q u i r e d to b u i l d up the c r y s t a l s t r u c t u r e . This i s an e n e r g e t i c a l l y 
less favourable occurrence than c r y s t a l growth on the {100} planes. 
The technique of atomic l a y e r epitaxy that has been promoted i n 
recent years i s worth considering here. The technique, whether applied 
v i a MBE, VPE or MOVPE consists of a l l o w i n g the group V atoms to a r r i v e 
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at the c r y s t a l surface, followed by the a r r i v a l of group I I I atoms i n 
separate r a p i d l y repeating pulses of gas. I t i s hoped that t h i s 
technique w i l l allow precise atomic c o n t r o l of e p i t a x i a l layers to be 
achieved, though the p r a c t i c a l r e a l i s a t i o n of t h i s technique has yet 
to be a t t a i n e d . 
Substrates 
Substrates of InP are u s u a l l y sawn from ingots of the ma t e r i a l 
grown by the l i q u i d encapsulated Czochralski method under a high 
p a r t i a l pressure of phosphorus. Substrates are a v a i l a b l e w i t h 
_3 
d i s l o c a t i o n d e n s i t i e s of less than 1000 cm f o r sulphur doped 
m a t e r i a l . Whilst t h i s d i s l o c a t i o n density i s high compared to s i l i c o n 
wafers, i t ensures f a i r l y high d i s c r e t e device y i e l d s since the a c t i v e 
l a y e r of many devices c o n s t i t u t e s only a small part of the t o t a l chip 
area. I r o n doped substrates w i t h higher d i s l o c a t i o n d e n s i t i e s are used 
f o r s t r u c t u r e s t h a t r e q u i r e an i n s u l a t i n g substrate. 
The substrates are subsequently polished to a thickness of 
300-350ym using an abrasive method along w i t h a bromine methanol etch. 
The f i n a l o r i e n t a t i o n of the substrates i s determined by the customer, 
but most workers are tending to use substrates w i t h (100) o r i e n t a t i o n 
surfaces. This aids advanced device f a b r i c a t i o n . Also the morphology 
of the e p i l a y e r s grown upon t h i s o r i e n t a t i o n appears to be of a higher 
specular q u a l i t y than e p i l a y e r s grown on 2° o f f (100) substrates. The 
l a t t e r i s the p r e f e r r e d substrate o r i e n t a t i o n f o r e p i t a x i a l growth of 
GaAs. 
Substrate Preparation 
P r i o r to loading i n an MOVPE react o r , substrates are usually 
cleaned by one method or another. Several techniques e x i s t , and i n 
some cases the chemistry i s obscure. The wafers are usu a l l y unpacked 
from the s u p p l i e r s ' containers, and then degreased using a solvent 
clean of 1,1,1,trichloroethane and also, perhaps, a f l u o r i n a t e d 
hydrocarbon. I f surface damage r e s u l t i n g from the p o l i s h i n g process i s 
not of major concern, then a soak i n n i t r i c a c i d , forming a surface 
oxide l a y e r , followed by oxide removal using buffered h y d r o f l u o r i c 
a c i d can be used. This i s s i m i l a r to the process used f o r preparing 
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s i l i c o n wafers p r i o r to processing, the use of a weak, s o l u t i o n of 
bromine i n methanol i s o f t e n used to remove the top surface of the InP 
and t h e r e f o r e the p o l i s h i n g damage. The etching mechanism of t h i s 
process i s not known. For GaAs, n i t r i c acid can not be used since i t 
dissolves the wafer r a p i d l y ( h y d r o c h l o r i c acid s i m i l a r l y dissolves InP 
r a p i d l y ) . The normal cleaning process used i s a H2S0^:H202:H20 mixture 
to etch the surface. This etch has also been used to etch the surface 
of InP s u c c e s s f u l l y . Following etching, r i n s i n g i n de-ionised water 
followed by blow d r y i n g or spinning i n iso-propyl-alchohol completes 
the p r e p a r a t i o n . The wafers are then r a p i d l y t r a n s f e r r e d to the growth 
chamber where they are r e t a i n e d under a hydrogen ambient p r i o r to 
growth. 
Another method of preparing substrates p r i o r to epitaxy i s to 
load the wafers i n t o the r e a c t i o n chamber and use a f l u x of hydrogen 
c h l o r i d e gas to etch the wafers i n - s i t u . Whilst t h i s uses the 
v e r s a t i l i t y of the vapour trans p o r t system and reduces the l i k e l i h o o d 
of oxide formation compared w i t h processes that use wet etching; the 
added complexity of hydrogen c h l o r i d e i n a s t e e l gas system has so f a r 
r e s u l t e d i n i t not being u n i v e r s a l l y used. Ethylenedibromide may be a 
s u i t a b l e a l t e r n a t i v e f o r i n - s i t u wafer preparation [ 3 3 ] . 
InP Growth Conditions 
The usual growth con d i t i o n s f o r InP used by the author are f a i r l y 
standard w i t h a growth temperature of around 650°C. A trimethylindium 
molar flow r a t e of 2.5.10" mol.min and a phosphine molar flow r a t e 
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of 1.3.10 mol.min has g e n e r a l l y y i e l d e d e p i t a x i a l InP w i t h 
specular morphology. These flow rates correspond to a V / I I I r a t i o of 
50 and a growth r a t e of about Aym hour" . The a b i l i t y to vary reactor 
pressure was not a v a i l a b l e f o r e a r l y experiments. The v a r i a t i o n of 
growth of InP w i t h reactor pressure has been studied by Clawson [ 3 4 ] . 
He showed th a t i n c r e a s i n g the reactor pressure lowered the growth r a t e 
and also lowered the background doping l e v e l . Further, the growth rat e 
was seen to be i n v e r s e l y p r o p o r t i o n a l to the input gas v e l o c i t y , and 
i n v e r s e l y p r o p o r t i o n a l to the substrate area used. Whilst there i s 
c e r t a i n l y a growth r a t e dependence upon the size of substrate used, i t 
i s the author's experience that i t does not have such a strong 
dependence as Clawson has s t a t e d . 
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Background Doping of InP 
The e l e c t r o n m o b i l i t y of InP i s d i r e c t l y r e l a t e d to the 
background c a r r i e r concentration, and a large amount of work was 
undertaken to reduce t h i s to a minimum l e v e l i n an uncompensated form 
[ 3 5 ] . 
The t r i m e t h y l i n d i u m used had been p u r i f i e d v i a thermal 
d i s s o c i a t i o n of the r e c r y s t a l l i s e d trimethylindium-1,2-bis(diphenyl 
phosphino)ethane ("diphos") adduct as described i n chapter ( 2 ) . 
P r i o r to o p t i m i s i n g the growth c o n d i t i o n s , InP e p i t a x i a l layers 
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w i t h c a r r i e r concentrations i n the range 1-2x10 cm were achieved. 
Comparison of the 77K m o b i l i t y of t h i s m a t e r i a l w i t h the best reported 
values [ 3 6 ] , and the t h e o r e t i c a l data of Walukiewicz et a l [ 3 7 ] , 
i n d i c a t e d t h a t the m a t e r i a l was not h e a v i l y compensated. Accordingly 
i t was reasoned t h a t i t would be s u f f i c i e n t to e s t a b l i s h the growth 
co n d i t i o n s necessary to produce m a t e r i a l w i t h the smallest possible 
c a r r i e r concentration and that t h i s could be achieved very r a p i d l y by 
the growth of appropriate stepped layer s t r u c t u r e s . 
Epilayers were r o u t i n e l y assessed using the Polaron PN4200 
electrochemical c a r r i e r concentration p r o f i l e r . During the growth of a 
s i n g l e e p i l a y e r , the growth conditions were v a r i e d at i n t e r v a l s to 
produce a se r i e s of steps i n the c a r r i e r concentration p r o f i l e . These 
steps were then measured using the PN4200. This enabled the e f f e c t of 
va r y i n g one of the growth parameters, such as growth temperature, to 
be measured w i t h a s i n g l e growth run and a s i n g l e measurement. This 
minimised any u n c e r t a i n t i e s due to operating parameters which could 
not be c o n t r o l l e d . For example i t had been suggested that common 
contaminants of t r i m e t h y l i n d i u m tend to be r e l a t i v e l y v o l a t i l e so the 
degree of contamination of a t r i m e t h y l i n d i u m source would decrease 
w i t h use. The greatest source of u n c e r t a i n t y i n the c a r r i e r 
concentration p r o f i l e measurements arises from the d i f f i c u l t y i n 
e x a c t l y d e f i n i n g the area of the Schottky contact, and the s l i g h t l y 
smaller area etched f o r n-type m a t e r i a l [ 3 8 ] . By using s i n g l e 
e p i l a y e r , stepped s t r u c t u r e s , any u n c e r t a i n t y due to i r r e p r o d u c i b i l i t y 
between successive measurements was el i m i n a t e d . To minimise 
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u n c e r t a i n t i e s due to the d i f f e r e n c e between the contacted and the 
etched areas, the growth parameters were varied i n such a way that the 
c a r r i e r concentration increased w i t h p r o f i l e depth. 
V a r i a t i o n of InP Background Doping Level w i t h Growth Conditions 
Figures (3.2) and (3.3) show the c a r r i e r concentration p r o f i l e 
and SIMS p r o f i l e f o r s i l i c o n f o r a s t r u c t u r e i n which the growth 
temperature was stepped while the gas flow rates were held constant. 
Because the SIMS apparatus used f o r t h i s study was used r o u t i n e l y to 
p r o f i l e s i l i c o n semiconductor s t r u c t u r e s , the background count rat e 
was high f o r t h i s element, equivalent to a concentration of 
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approximately 10 cm . However, i f t h i s i s taken i n t o account there 
i s a close correspondence between the s i l i c o n concentration p r o f i l e 
and the measured c a r r i e r concentration p r o f i l e . SIMS p r o f i l e s of 
selenium and sulphur were also examined as other possible donor 
i m p u r i t i e s . No selenium was detected and the sulphur count showed no 
v a r i a t i o n w i t h growth temperature and was s l i g h t l y lower f o r the 
e p i l a y e r than f o r the i r o n doped substrate. The concentration of 
s i l i c o n or of f r e e c a r r i e r s increases w i t h increasing growth 
temperature. The behaviour appeared to f o l l o w an Arrhenius law, the 
apparent a c t i v a t i o n energy being =2.2 eV. 
Figures (3.4) and (3.5) show the c a r r i e r concentration and SIMS 
s i l i c o n p r o f i l e f o r a s t r u c t u r e i n which the growth temperature and 
V / I I I r a t i o were held constant and the growth r a t e increased by 
inc r e a s i n g the group V hydride and group I I I a l k y l flow rates. I n f a c t 
the growth r a t e i s c o n t r o l l e d by the tr i m e t h y l i n d i u m flow and 
increases i n p r o p o r t i o n to the flow r a t e . Thus at each step the flow 
rates were increased and the growth time decreased. The c a r r i e r 
c o n c entration decreased w i t h increasing growth r a t e and again the 
s i l i c o n c oncentration appeared to decrease although the smaller steps 
were d i f f i c u l t to resolve by SIMS. To w i t h i n the l i m i t s of 
experimental accuracy, the c a r r i e r concentration varied i n inverse 
p r o p o r t i o n to the growth r a t e . This i n d i c a t e s that the s i l i c o n 
which was incorporated i n t o the InP during these growth experiments 
d i d not o r i g i n a t e from contamination of e i t h e r the tri m e t h y l i n d i u m or 
phosphine sources, unless the i n c o r p o r a t i o n r a t e i s a f f e c t e d by the 
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growth r a t e . 
Figure (3.6) shows the c a r r i e r concentration p r o f i l e f o r a 
s t r u c t u r e i n which the growth temperature and tr i m e t h y l i n d i u m flow 
r a t e s were held constant and the phosphine flow r a t e was vari e d . While 
the phosphine flow r a t e was adjusted between each step the growth was 
i n t e r r u p t e d f o r 5 minutes by switching the t r i m e t h y l i n d i u m flow to 
vent. The measured c a r r i e r concentration was found to be independent 
of the V / I I I r a t i o but i n t e r r u p t i n g the growth r e s u l t e d i n a small 
increase i n c a r r i e r concentration i n the v i c i n i t y of each i n t e r f a c e . 
Figure (3.7) shows the SIMS s i l i c o n p r o f i l e f o r the same s t r u c t u r e to 
a depth of = Sym. An increase i n the s i l i c o n count was observed 
corresponding to the outermost and l a r g e s t increase i n the c a r r i e r 
c o n c entration but the increase at the second pause, resolved i n the 
c a r r i e r concentration p r o f i l e , could not be detected i n the SIMS 
p r o f i l e . Other authors [39,40], have also reported that the InP 
c a r r i e r concentration i s independent of V / I I I r a t i o using 
t r i m e t h y l i n d i u m and phosphine, however f o r t r i e t h y l i n d i u m and 
phosphine the InP c a r r i e r l e v e l has been shown to decrease w i t h 
i n c r e a s i n g V / I I I r a t i o [ 4 1 ] . 
I n t e r f a c e C a r r i e r Concentration Spikes 
Figure (3.8) shows a c a r r i e r concentration p r o f i l e f o r a t h i c k 
l a y e r of InP grown under the optimum co n d i t i o n s . The c a r r i e r 
c o n c entration i s constant through the bulk of the ep i l a y e r but shows a 
spike at the i n t e r f a c e to the iron-doped substrate. Routine c a r r i e r 
c o n c entration p r o f i l e s were performed on the InP growths and an 
i n t e r f a c i a l c a r r i e r concentration spike was almost always found, 
although the t o t a l number of c a r r i e r s w i t h i n the spike was very 
v a r i a b l e . As a general trend i t was found that the height of the spike 
increased w i t h growth temperature so i t always remained greater than 
the background c a r r i e r concentration. A s i m i l a r phenomenon has been 
reported by Bass and co-workers [39,42]. I t was also observed that the 
SIMS p r o f i l e s always revealed a spike i n the s i l i c o n concentration at 
the i n t e r f a c e to the substrate. Such spikes may be observed i n the 
SIMS p r o f i l e s of f i g u r e s (3.3) and (3 . 5 ) . Ruber et a l reported a 
s i m i l a r s i l i c o n spike i n the SIMS p r o f i l e f o r InP grown by MOVPE [ 4 3 ] . 
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The spike was observed not only at the i n t e r f a c e to the substrate, 
where other contaminants were found, but also at the i n t e r f a c e created 
by stopping e p i t a x i a l growth, removing the specimen from the reactor 
and then r e p l a c i n g i t and conti n u i n g growth. S i l i c o n was i n f a c t the 
only i m p u r i t y reported to have been found at t h i s i n t e r f a c e . I t i s 
l i k e l y that s i l i c o n i s responsible f o r the c a r r i e r concentration 
"spikes" which we observed on i n t e r r u p t i n g growth ( f i g u r e 3.6), 
although the c o r r e l a t i o n between the SIMS and c a r r i e r concentration 
p r o f i l e s i s i n s u f f i c i e n t to e s t a b l i s h t h i s c o n c l u s i v e l y . I t has been 
observed that the presence of t h i s spike i s mainly a f u n c t i o n of 
substrate cleaning and not substrate o r i e n t a t i o n or substrate dopant 
[ 4 3 ] . 
Source of Background Doping 
The previous experiments have established that s i l i c o n i s the 
major background i m p u r i t y which, a c t i n g as a donor, c o n t r o l s the 
e l e c t r i c a l c a r r i e r concentration. The c a r r i e r concentration e x h i b i t s 
an Arrhenius r e l a t i o n s h i p to the growth temperature, i s independent of 
V / I I I r a t i o and var i e s i n inverse p r o p o r t i o n to the growth r a t e . 
Spikes are observed i n the c a r r i e r concentration when the growth i s 
paused or at the i n t e r f a c e to the substrate and i t i s i n f e r r e d that 
these are due to the increase i n the s i l i c o n concentration i n these 
regions. 
Silane i s widely used as a source of n-type dopant f o r MOVPE GaAs 
and (GaAl)As and i t s doping c h a r a c t e r i s t i c s are w e l l known. Bass 
[44] showed th a t f o r a constant s i l a n e flow the r e s u l t a n t e l e c t r o n 
c o n c e n t r a t i o n was r e l a t e d to the growth temperature by an Arrhenius 
law. He also observed that i f s i l a n e was allowed to flow over the 
substrates p r i o r to growth ( i . e . at the growth temperature i n the 
absence of organo-metallics) t h i s gave r i s e to a spike i n the c a r r i e r 
c o n c entration at the substrate e p i l a y e r i n t e r f a c e . The spike persisted 
even a f t e r prolonged f l u s h i n g f o l l o w i n g an i n i t i a l exposure to s i l a n e , 
i n d i c a t i n g that the s i l i c o n becomes very s t r o n g l y bound to the 
surface. Veuhoff et a l [ 4 5 ] , noted that f o r a constant f l u x of e i t h e r 
s i l a n e or d i s i l a n e the c a r r i e r concentration v a r i e d i n inverse 
p r o p o r t i o n to the growth r a t e . They proposed a model f o r s i l i c o n 
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doping i n which the r a t e determining step i s the decomposition of 
s i l a n e to form an adsorbed species. This model was l a t e r extended to 
the case of u n i n t e n t i o n a l doping by a s i l i c o n - c o n t a i n i n g i m p u r i t y 
[ 4 6 ] . The model p r e d i c t s t h a t the concentration of s i l i c o n 
incorporated i n t o the e p i l a y e r a t constant t o t a l pressure, i s 
p r o p o r t i o n a l t o the gas phase concentration of the s i l i c o n - c o n t a i n i n g 
species m u l t i p l i e d by a Boltzmann f a c t o r and i n v e r s e l y p r o p o r t i o n a l to 
the growth r a t e . I n t h i s case the p r e d i c t i o n s are: 
I S i l i n p " [ S i ] g e V*"^  (3.1) 
GR 
Where: f ^ ^ ^ l n p ^ concentration of s i l i c o n i n the ep i l a y e r . 
[ S i ] g = concentration of gaseous s i l i c o n species. 
GR = growth r a t e . 
For the STL observations t o be consistent w i t h the pr e d i c t i o n s of 
t h i s model, the gas phase concentration of the s i l i c o n - c o n t a i n i n g 
species needed to remain constant when the t r i m e t h y l i n d i u m and 
phosphine flow rates were changed. I t was also seen that s i l i c o n 
appeared to accumulate i n the absence of any tr i m e t h y l i n d i u m flow. 
This suggests t h a t the source of the s i l i c o n contamination must be the 
MOVPE re a c t o r . I f so, the l i k e l y o r i g i n of the s i l i c o n was the 
re d u c t i o n of the quartz-ware i n the reactor c e l l . 
Although the w a l l s of the reactor vessel are cooled, the susceptor i s 
mounted on a s i l i c a boat and the parts close to the susceptor are 
r a d i a n t l y heated to a s i m i l a r temperature to the substrates. The most 
l i k e l y mechanism by which s i l i c o n i s transported i s 
^^^2 ( v i t r e o u s ) + h = SiO^^^ + E^O^^^ 
S i l i c o n contamination by reduction of quartz vessels has been 
shown to take place i n LPE [ 4 7 ] , and the above mechanism of gas 
tra n s p o r t was proposed by Veiner [ 4 8 ] . The reduction w i l l be 
suppressed by the presence of water (or oxygen which w i l l react to 
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form water) i n the gas phase mixture [ 4 7 ] . 
The apparent a c t i v a t i o n energy from the Arrhenius p l o t was 2.2eV. 
By comparison a value of 1.5eV has been reported f o r s i l i c o n doping 
from s i l a n e [ 4 5 ] . An experimental value of 2.9eV was reported f o r 
s i l i c o n contamination due to reduction of quartz [ 4 7 ] , although i n 
t h i s case i t was thought that thermodynamic e q u i l i b r i u m had not been 
achieved. A second t r i m e t h y l i n d i u m source from Sumitomo was also 
examined. Q u a l i t a t i v e l y t h i s showed very s i m i l a r doping l e v e l s and 
c h a r a c t e r i s t i c s , however the f i t to an Arrhenius p l o t and the l i n e a r 
dependence of c a r r i e r concentration w i t h the r e c i p r o c a l of the growth 
r a t e were markedly i n f e r i o r to those achieved w i t h the p u r i f i e d 
t r i m e t h y l i n d i u m source. Using the Sumitomo source the best m o b i l i t y at 
77K f o r optimum growth conditions of s i n g l e e p i l a y e r s was 75,000 
2 -1 -1 
cm V s . I t appeared that the Sumitomo source contained a small 
c o n c e n t r a t i o n of i m p u r i t i e s , g i v i n g r i s e t o both donor and acceptor 
l e v e l s . 
Single E p i l a y e r M o b i l i t i e s 
These experiments suggest that the lowest c a r r i e r concentrations 
may be achieved using the lowest p r a c t i c a b l e growth temperature and 
the l a r g e s t growth r a t e . A l a r g e V / I I I r a t i o may be employed to 
optimise the morphology, since decreased growth temperature and 
increased growth r a t e both tend to impair morphology. I t was found 
that the highest p u r i t y m a t e r i a l could be grown at 600°C w i t h a 
3 -1 
hydrogen flow through the t r i m e t h y l i n d i u m bubbler of 60 cm min~ and 
300 cm\in"-^ of 10% phosphine. This gave a V / I I I r a t i o of 25:1. To 
achieve s a t i s f a c t o r y morphology under these conditions i t was 
necessary t o place the substrates towards the back ( i . e . downstream) 
p o s i t i o n on the susceptor. I t was found t h a t a small increase i n 
growth temperature ( t o 605°C) could be compensated f o r by an increase 
i n growth r a t e to achieve a s i m i l a r m o b i l i t y . 
A number of authors have reported MOVPE growth of InP w i t h 77K 
m o b i l i t y > 100,000 cm^ V"""" s"""- [49,50,51,52]. These r e s u l t s are 
comparable t o , or b e t t e r than the highest reported p u r i t y f o r LPE or 
c h l o r i d e and hydride VPE. I t appears th a t these r e s u l t s have been 
achieved as a r e s u l t of improvements i n the p u r i t y of the group I I I 
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a l k y l sources. 
The e p i l a y e r s , grown to a thickness of 8-lOum, were r o u t i n e l y 
examined by making Van der Pauw H a l l e f f e c t measurements at room 
temperature and 77K. Large area specimens were used, = 1 cm square, 
w i t h small indium contacts made at each corner. Figure (3.8) shows the 
c a r r i e r c o n c e n t r a t i o n p r o f i l e of a lay e r grown under the optimum 
co n d i t i o n s described. The bulk c a r r i e r concentration and m o b i l i t y 
measured at room temperature were n=3.3.10 ^cm~^, y=5160cm^v 2 - 1 - 1 , 
, , , — ^..^.v.-.. V s and 
a t 77K, n=3.0.10-'-'^cm'^, y=119,000cm^v~-'-s~-'-. I t seemed l i k e l y that the 
c a r r i e r c o n c e n t r a t i o n spike at the i n t e r f a c e to the substrate would 
impair the r e s u l t s , so a chemical etch was used to remove portions of 
the e p i l a y e r . The sample was then remeasured, and the c a r r i e r 
concentration and m o b i l i t y of the m a t e r i a l removed was cal c u l a t e d . 
These values are shown i n f i g u r e ( 3 . 8 ) . The m o b i l i t y appears to 
increase s l i g h t l y towards the e p i l a y e r surface. The best m o b i l i t y 
values are s l i g h t l y b e t t e r than those c a l c u l a t e d by Walukiewicz et a l 
f o r uncompensated m a t e r i a l [ 3 7 ] ; an observation also reported by other 
authors [ 5 2 ] . The o p t i c a l q u a l i t y of t h i s m a t e r i a l i s also extremely 
good as shown by the presence of the free e x c i t o n and two n e u t r a l 
donor-bound e x c i t o n (D°,X) peaks i n the photoluminescence spectra of 
f i g u r e ( 3 . 9 ) . A sample of t h i s high p u r i t y m a t e r i a l was sent to the 
U n i v e r s i t y of I l l i n o i s f o r magneto photoluminescence and photothermal 
i o n i s a t i o n spectroscopy measurements. The r e s u l t s i n d i c a t e d that the 
r e s i d u a l remaining donor was s i l i c o n . 
More recent work on a low pressure MOVPE reactor at STL, also 
using the diphos p u r i f i e d t r i m e t h y l i n d i u m as the indium source, has 
y i e l d e d m a t e r i a l w i t h 77K e l e c t r o n m o b i l i t i e s of up to 300,000 
2 - 1 - 1 2 1 - 1 cm V s , and a peak e l e c t r o n m o b i l i t y of 400,000 cm V s at 45K 
[32,53]. The use of a low growth pressure of 150 t o r r , and a high 
phosphine f l u x compared to that a v a i l a b l e i n the author's reactor, 
allowed the growth temperature to be reduced to 570°C. The low c a r r i e r 
l e v e l s obtained were presumably the r e s u l t of low s i l i c o n 
i n c o r p o r a t i o n at t h i s low growth temperature. 
To o b t a i n such m a t e r i a l i t has been necessary to remove a l l 
traces of the i n t e r f a c e spike of donor c a r r i e r concentration as shown 
i n the sample of f i g u r e ( 3 . 8 ) . This i n t e r f a c e spike has proved 
d i f f i c u l t to erad i c a t e c o n s i s t e n t l y , but one InP growth run undertaken 
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using substrates cleaned v i a a number of processes has ind i c a t e d that 
a l i k e l y source of the i m p u r i t i e s i s the bromine-methanol etch, since 
substrates cleaned e i t h e r without t h i s etch, or ones which have 
subsequently been exposed to a 5:1:1 H2S0^:H202:H20 etch have not 
shown t h i s spike. 
I t i s i n t e r e s t i n g to note that s i l i c o n i s an amphoteric dopant i n 
I I I / V semiconductors. Whilst high p u r i t y InP i s always n-type, GaAs 
e p i l a y e r s can be grown e i t h e r n or p-type corresponding to high or low 
arsi n e f l u x e s i n t o the reactor chamber r e s p e c t i v e l y . I t i s not clear 
whether f o r GaAs the change i n doping i s due to the s i l i c o n appearing 
on an arsenic s i t e or g a l l i u m s i t e , or i f i t i s due to other dopants 
such as carbon or i s due to v a r i a t i o n s i n stochiometry r e l a t i n g to the 
arsi n e flow i n t o the re a c t o r . A higher arsenic vacancy density w i l l 
occur f o r low ar s i n e flows and a higher g a l l i u m vacancy density w i l l 
occur f o r high arsine flows. InP and GaAs f u r t h e r d i f f e r i n the 
r e l a t i v e amount of s i l i c o n incorporated i n t o the m a t e r i a l f o r the same 
f l u x of s i l a n e introduced i n t o the reactor. 
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Figure ( 3 . 1 ) : Scanning e l e c t r o n microscope image of non planar InP 
growth on a channelled substrate of InP. The slow 
growing {111} planes give r i s e to t r i a n g u l a r and 





















Figure ( 3 . 2 ) : Electrochemical p r o f i l e through undoped InP showing 
the v a r i a t i o n i n background doping as a function of 
growth temperature, f o r four InP layers grown 
consecutively at 720°C, 670°C, 620°C and 580°C. 
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Figure (3.3); SIMS depth p r o f i l e through the same four layer InP 
sample as shown i n f i g u r e ( 3 . 2 ) . The s i l i c o n content 
v a r i e s w i t h growth temperature i n the same manner as 
the e l e c t r o n concentration, confirming that s i l i c o n 
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Figure ( 3 . 4 ) : Electrochemical depth p r o f i l e through four layers of 
InP showing the dependence of background doping upon 
growth r a t e . The layers were grown upon the 
substrate at = 1.25, 2.5, 5, and 7.5ymhr~''' 
r e s p e c t i v e l y and the V / I I I r a t i o was maintained 
constant. 
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Figure (3.5); SIMS depth p r o f i l e through the same four layer InP 
s t r u c t u r e as shown i n f i g u r e ( 3 . 4 ) ; the dependence 
of s i l i c o n content upon growth r a t e i s the same as 
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Figure (3.6); Electrochemical depth p r o f i l e through four 
consecutive InP layers grown under d i f f e r e n t V / I I I 
r a t i o s by varying the phosphine flow. The background 
doping l e v e l i s independent of V / I I I r a t i o , but 
d e l i b e r a t e growth pauses between layers caused 
c a r r i e r concentration spikes to be incorporated i n t o 
the m a t e r i a l . 
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Figure (3.7); SIMS depth p r o f i l e through the f i r s t two layers of 
the same sample as shown i n f i g u r e ( 3 . 6 ) , showing 
the presence of a s i l i c o n spike between the two 
l a y e r s . 
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Figure (3.8); Electrochemical depth p r o f i l e through a si n g l e layer 
of undoped InP grown under optimised conditions, 
showing a c a r r i e r concentration spike at the 
s u b s t r a t e - e p i l a y e r i n t e r f a c e . The m o b i l i t i e s i n 
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Figure (3.9); Low temperature photoluminescence spectrum f o r a 
high p u r i t y l a y e r of InP, showing strong free 
e x c i t o n luminescence. 
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Chapter 4 
(GaIn)(AsP) A l l o y Epitaxy 
The growth of (Gain)(As?) a l l o y s i s described i n 
terms of c r y s t a l p e r f e c t i o n , luminescence, and transport 
p r o p e r t i e s . Compositional u n i f o r m i t y of the a l l o y s i s 
discussed and a novel vapour measurement technique 
d e t a i l e d . 
I I I / V A l l o y Systems 
E p i t a x i a l layers of InP grown upon InP substrates can be used f o r 
the f a b r i c a t i o n of FETs. However, a l l o y s w i t h d i f f e r i n g band-gaps and 
l a t t i c e matched to InP are more relevant to the co n s t r u c t i o n of 
o p t o - e l e c t r o n i c devices. Figure (4.1) shows the band-gap against 
l a t t i c e parameter f o r d i f f e r e n t a l l o y s and i l l u s t r a t e s that 
(GaIn)(AsP) a l l o y s can be l a t t i c e matched to both InP and GaAs 
substrates. The a l l o y composition l a t t i c e matched to GaAs covers a 
s i m i l a r band-gap range to (GaAl)As a l l o y s . Lasers f a b r i c a t e d at 0.85ym 
wavelength have a r e p u t a t i o n f o r being less r e l i a b l e than those 
e m i t t i n g at the longer 1.3-1.55ym wavelengths. I t i s not known whether 
t h i s degradation i s due to the aluminium content, or i f i t i s due to 
the higher energy photons of the shorter wavelength m a t e r i a l 
l u b r i c a t i n g movement of d i s l o c a t i o n s or causing other d e b i l i t a t i n g 
e f f e c t s . Some work has t h e r e f o r e been undertaken to study the 
(GaIn)(AsP) a l l o y matched to GaAs, e s p e c i a l l y i n Japan, f o r o p t i c a l 
d i s c a p p l i c a t i o n s . A disadvantage of t h i s system i s that the m a j o r i t y 
of the e p i t a x i a l s t r u c t u r e has to be made of the d i f f i c u l t to c o n t r o l 
quaternary a l l o y , r a t h e r than from (GaAl)As which i s easier to l a t t i c e 
match. 
For emission of l i g h t at 1.3-1.55ym wavelengths, there are two 
contenders, (GaIn)(AsP) and (GaInAl)(As). The former has a more 
esta b l i s h e d growth h i s t o r y , being commonly used i n l i q u i d phase 
ep i t a x y . Concern over device r e l i a b i l i t y s t i l l surrounds the use of 
the aluminium compound, but the conduction band o f f s e t s of the a l l o y 
may lead to b e t t e r c a r r i e r confinement i n laser s t r u c t u r e s than 
a v a i l a b l e from the phosphorus a l l o y , and so to improved device 
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performance. The author has l a r g e l y worked on the (GaIn)(AsP) a l l o y s 
and i t i s these that are now described. The accepted method of 
d e f i n i n g the composition of t h i s a l l o y , i s to r e f e r to the formula 
Ga^In^_^^ASyP^ ; where x and y denote the amount of g a l l i u m and 
arsenic i n the a l l o y r e s p e c t i v e l y . 
L a t t i c e Matching of A l l o y s 
The need to l a t t i c e match e p i t a x i a l l ayers to the substrate i s 
not r e a d i l y apparent. L a t t i c e matching e s s e n t i a l l y requires that the 
average l a t t i c e parameter of the e p i t a x i a l l a y e r i s the same as the 
substrate l a t t i c e parameter. Whilst g a l l i u m and arsenic are very 
d i f f e r e n t i n s i z e and bond lengths from indium and phosphorus, i n a 
w e l l l a t t i c e matched la y e r an increase i n the average l a t t i c e 
parameter due to the i n c o r p o r a t i o n of arsenic i n t o InP, i s compensated 
f o r by an equivalent increase of g a l l i u m . I f the average l a t t i c e 
parameter of the e p i t a x i a l l a y e r i s greater than the substrate, then 
the e p i l a y e r w i l l be compressed l a t e r a l l y and w i l l expand v e r t i c a l l y 
to r e t a i n the same dens i t y . The converse applies i f the average 
l a t t i c e parameter of the e p i l a y e r i s less than the substrate. I t i s 
the change i n v e r t i c a l l a t t i c e parameter that i s e x p l o i t e d by the 
various x-ray Bragg r e f l e c t i o n techniques to determine m a t e r i a l 
composition. 
I f the e p i t a x i a l l a y e r i s grown w i t h an average l a t t i c e parameter 
s u f f i c i e n t l y f a r from t h a t of the substrate that the s t r a i n can no 
longer be accommodated e l a s t i c a l l y , then the s t r a i n w i l l be r e l i e v e d 
by formation of edge d i s l o c a t i o n s s t a r t i n g at the e p i t a x i a l i n t e r f a c e , 
w i t h Burgers vectors p a r a l l e l to the growth plane. I f the s t r a i n i s 
severe, microcracks w i l l appear which prevent conduction p a r a l l e l to 
the growth plane and render the whole s t r u c t u r e f r a g i l e . L a t t i c e 
mismatch of t h i c k layers also causes the substrate to bend, t h i s i n 
t u r n prevents photolithography upon the wafer. A pronounced cross 
hatch p a t t e r n i s u s u a l l y seen on poorly matched l a y e r s . The point at 
which d i s l o c a t i o n s are introduced i n t o the m a t e r i a l i s dependent upon 
a l l o y composition and e p i l a y e r thickness [ 5 4 ] . I t i s f a r more 
d i f f i c u l t to grow t h i c k a l l o y layers than the t h i n a c t i v e layers of 
(GaIn)(AsP) l a s e r s or quantum w e l l s t r u c t u r e s . The formation of 
d i s l o c a t i o n s during growth may lead to s i t e s of non r a d i a t i v e 
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recombination i n l a s e r s t r u c t u r e s and so reduce performance. Such 
defects are also able to move and grow under the in f l u e n c e of e l e c t r i c 
f i e l d s and high o p t i c a l power d e n s i t i e s , changing the device 
performance and causing degradation of c r i t i c a l parameters [ 5 5 ] . For 
these reasons, an as measured l a t t i c e matching s p e c i f i c a t i o n of Aa/a = 
-4 
±4.10 i s o f t e n imposed on device s t r u c t u r e s . This tolerance requires 
the g a l l i u m and indium contents of (Galn)As to be c o n t r o l l e d w i t h i n 
±0.6%, and imposes a s i m i l a r tolerance to the input flows of gases 
i n t o the MOVPE reac t o r . 
(Galn)As 
The r e l a t i o n s h i p between l a t t i c e parameter and the composition of 
an a l l o y i s given by Vegard's law, and f o r (Galn)As i s a l i n e a r 
i n t e r p o l a t i o n between the l a t t i c e parameters of GaAs and InAs. The 
r e l a t i o n s h i p between band-gap (E ) , and a l l o y composition i s given by 
o 
equation ( 4 . 1 ) : 
Eg(eV)= AQX + A ^ ( l - x ) + A2x(l-x) (4.1) 
Where: AQ = (GaAs) = 1.425 eV 
A^ = Eg (InAs) = 0.36 eV 
= bowing parameter 
Equation (4.1) describes a l i n e upon the band-gap-composition 
graph f o r (Galn)As drawn between the values f o r InAs and GeiAs. The 
l i n e has a s l i g h t curvature or "bow"; a bowing parameter of -0.475 
and a l a t t i c e match band-gap of 0.74 eV have been used at STL. 
The band-gap of the m a t e r i a l i s r e l a t e d to the photoluminescence 
emission wavelength by: 
PL wavelength (ym) = 1.24/E (eV) (4.2) 
Sui t a b l e s t i m u l a t i o n of the a l l o y by a l i g h t source of shorter 
wavelength energy than the a l l o y band-gap r e s u l t s i n photoluminescence 
emission of l i g h t c h a r a c t e r i s t i c of the m a t e r i a l , provided that the 
band gap i s d i r e c t , and that there are few non r a d i a t i v e recombination 
centres i n the m a t e r i a l . 
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Recent studies w i t h i n STC to compare composition measured from 
x-ray data w i t h that from photoluminescence data, have shown that 
equation (4.1) does not always apply. A s i m i l a r e f f e c t has been 
reported by Olsen et a l [ 5 9 ] . I t i s i n f e r r e d that s t r a i n w i t h i n the 
l a t t i c e may a f f e c t the band-gap, and e p i t a x i a l layer thicknesses may 
f u r t h e r complicate the amount of s t r a i n present. This may account f o r 
the l a r g e s c a t t e r i n the l i t e r a t u r e of bowing parameters and 
photoluminescence wavelengths at l a t t i c e match [56,57,58]. 
The normal growth r a t e conditions used on the author's reactor 
are a growth r a t e of O.lym min~ , a growth temperature of 650°C, input 
3 - 1 3 - 1 flow rates of 10cm' min f o r t r i m e t h y l g a l l i u m , 33.8cm min f o r 
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t r i m e t h y l i n d i u m and 150cm min of 10% arsine i n hydrogen. The growth 
r a t e appeared to be an important f a c t o r l i m i t i n g the c r y s t a l l i n i t y of 
the e p i t a x i a l l a y e r s . Figure (4.2) shows o p t i c a l micrographs of two 
e p i t a x i a l l a y e r s grown under s i m i l a r conditions and at s i m i l a r times. 
The f i r s t e x h i b i t s a very smooth t e x t u r e , has strong photoluminescence 
emission and double c r y s t a l x-ray rocking curve h a l f - w i d t h s of around 
50 arc seconds. The second la y e r has a rough t e x t u r e , n e g l i g i b l e 
photoluminescence emission, extremely broad x-ray h a l f widths, and 
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300K e l e c t r o n m o b i l i t i e s of 3000cm V s f a l l i n g to lower values at 
77K. This type of growth may consist of c l u s t e r s of islands of 
(Galn)As caused by growth i n three instead of two dimensions. The 
phenomenon has been seen on several d i f f e r e n t reactors and has 
disappeared sometimes spontaneously, i n f e r r i n g machine malfunction. 
The problem has also been overcome by reducing the growth r a t e , or by 
r e - t i m i n g the a r r i v a l of the group I I I and group V species at the 
s u b s t r a t e . 
(Galn)As l i e s at the edge of a m i s c i b i l i t y gap i n the (GaIn)(AsP) 
phase diagram, and there has been speculation by some workers that 
spinodal decomposition of e p i l a y e r s has occurred [61,62]. 
A f u r t h e r f a c t o r a f f e c t i n g the c r y s t a l q u a l i t y of (Galn)As 
e p i l a y e r s i s the r e g u l a r i t y of flow of the group I I I sources i n t o the 
r e a c t i o n chamber [ 6 0 ] . Any event which causes a v a r i a t i o n i n these 
flows w i l l be r e f l e c t e d i n the composition of the m a t e r i a l being 
grown. This i n t u r n w i l l induce mismatch and s t r a i n , possibly induce 
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growth of a d i f f e r e n t form, and change transport p r o p e r t i e s . A 
p a r t i c u l a r l y easy method of i n t r o d u c i n g flow v a r i a t i o n s i s to use 
unstable mass flow c o n t r o l l e r s , and cause t r a n s i e n t changes i n mass 
flow c o n t r o l l e r output due to t h e i r s e n s i t i v i t y to upstream and 
downstream pressure f l u c t u a t i o n s . Downstream pressure f l u c t u a t i o n s are 
o f t e n caused by the MOVPE reactor exhaust bloc k i n g , and c a r e f u l 
a t t e n t i o n has to be given to the design of t h i s component. 
The author has grown specular e p i t a x i a l layers of (Gain)As w i t h 
x-ray r o c k i n g curve f u l l w i dth h a l f maxima as low as 22 arc seconds 
and w i t h high photoluminescent p r o p e r t i e s . Background doping l e v e l s 
14 -3 
f o r m a t e r i a l grown at 650°C are n-type = 2-5.10 cm . I t i s common 
p r a c t i c e to quote m o b i l i t i e s i n the l i t e r a t u r e f o r e p i t a x i a l layers of 
(Galn)As grown upon an InP b u f f e r l a y e r [ 6 3 ] . The author's best 
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r e s u l t s are 300K e l e c t r o n m o b i l i t i e s of 11,500cm V s and 77K 
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e l e c t r o n m o b i l i t i e s of 75,000 cm V s . The p o s s i b i l i t y e x i s t s of 
growing a h i g h l y doped region next to the substrate as d e t a i l e d i n the 
previous chapter. The donors so formed are l i k e l y to f a l l i n t o the 
lower band-gap (Galn)As and due to band bending at the h e t e r o j u n c t i o n , 
become confined and form a two dimensional e l e c t r o n gas. This i n turn 
leads to enhanced m o b i l i t i e s which may not be a true r e f l e c t i o n of the 
m a t e r i a l q u a l i t y . This phenomenon has also been reported by Zhu et a l 
[ 6 4 ] , and the existence of a two dimensional e l e c t r o n gas has been 
confirmed by Shubnikov-De Haas measurements. Several workers have 
e x p l o i t e d t h i s e f f e c t by d e l i b e r a t e l y growing a h i g h l y doped InP layer 
close to an undoped (Galn)As la y e r and achieving e l e c t r o n m o b i l i t i e s 
of 100,000cmV-^s"-^ [63,65,66,67,68,26]. 
The ar s i n e over-pressure during growth of (Galn)As i s also of 
importance. The two micrographs of f i g u r e (4.3) i l l u s t r a t e two 
(Galn)As e p i t a x i a l layers grown r e s p e c t i v e l y w i t h high and low arsine 
flow r a t e s . Small pin-holes can be seen i n the sample grown using a 
low a r s i n e f l u x , and these defects have completely disappeared upon 
use of a high a r s i n e f l u x . The transpo r t p r o p e r t i e s of these layers 
were i d e n t i c a l . 
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(GaIn)(AsP) 
A l l o y growth was extended from the ternary a l l o y to the 
quaternary a l l o y by the a d d i t i o n of phosphine. The d i s t r i b u t i o n 
c o e f f i c i e n t f o r the group I I I metals i s near to u n i t y , and so flows of 
t r i m e t h y l i n d i u m and t r i m e t h y l g a l l i u m were i n t e r p o l a t e d from those used 
f o r (Galn)As. 
The r a t i o of arsine to phosphine required to grow a p a r t i c u l a r 
(GaIn)(AsP) a l l o y bears no resemblance to the s o l i d arsenic to 
phosphorus r a t i o due to the d i f f e r e n t p y r o l y s i s rates of the two 
gases. There are several references i n the l i t e r a t u r e s t a t i n g the 
arsine to phosphine r a t i o s needed to grow a p a r t i c u l a r a l l o y 
[26,69,70]. T h e o r e t i c a l studies based upon d i f f u s i o n , p y r o l y s i s rates 
and the thermodynamics of the reactions of the two gases have also 
been undertaken [71,72]. This data, applied at 650''C, was used to 
o b t a i n the c o r r e c t flow rates f o r i n i t i a l attempts at the growth of 
the quaternary a l l o y . Assessment of these o f t e n poor la y e r s , using 
energy d i s p e r s i v e x-ray analysis then allowed c o r r e c t i o n s to the gas 
flow rates to be made. Growth of layers of s u f f i c i e n t q u a l i t y f o r 
photoluminescence and double c r y s t a l x-ray rocking curves were then 
achieved. 
L a t t i c e parameter data f o r the quaternary a l l o y was again 
obtained by Vegard's law [ 3 1 ] : 
a = 0.1894y - 0.4184x + 0.0130xy + A(InP) (4.3) 
where x and y are the r e l a t i v e amounts of g a l l i u m and arsenic i n the 
a l l o y , a i s the measured l a t t i c e parameter, and A(InP) i s the l a t t i c e 
parameter of InP i n angstroms. 
The most up to date references [73,74] f o r the r e l a t i o n s h i p 
between quaternary a l l o y composition and band-gap (E ) i n eV gives: 
Eg(x,y) = 1.35 + 0.668X - 1.068y + 0.758x^ + 0.078y^ - (4.4) 
.0.069xy - 0.322x^y +0.03xy^ 
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By s o l v i n g the above two equations simultaneously using a 
g r a p h i c a l computer s o l u t i o n , more precise compositions of the a l l o y s 
could be obtained. Since s t r a i n i s l i k e l y to a f f e c t the band-gap of 
t h i s m a t e r i a l i n the same manner as f o r (Galn)As, caution has to be 
exercised when using these equations. I n e v i t a b l y , f i n a l approach to 
l a t t i c e matching and c o r r e c t photoluminescence emission wavelengths i s 
obtained by an i t e r a t i v e growth and measuring cycle. The f i n a l 
accuracy of m a t e r i a l grown i s dependent upon the run to run s t a b i l i t y 
of the MOVPE rea c t o r and upon u n i f o r m i t y of the e p i t a x i a l layers. 
The growth c o n d i t i o n s f i n a l l y established are given i n table 
(4.1) and the d i s p a r i t y between the amount of arsine and phosphine 
req u i r e d to grow a p a r t i c u l a r quaternary layer i s c l e a r . I t i s 
p o s t u l a t e d from these r e s u l t s that the p y r o l y s i s r a t e of arsine i s 
20-40 times f a s t e r than that of phosphine at 650°C. 
Specular, h i g h l y luminescent layers of (GaIn)(AsP) were grown 
w i t h 1.18, 1.3 and 1.55ym emission wavelengths. Doping l e v e l s appeared 
to f o l l o w those of InP at 650°C and be around n = 1-2.10'''^ cm~"^ . H a l l 
measurements obtained on 2-3pm t h i c k 1.3ym emission samples gave 300K 
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e l e c t r o n m o b i l i t i e s of 4000-4700cm V s and 77K e l e c t r o n m o b i l i t i e s 
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of 20,400 cm V s . These values compare w e l l w i t h data upon LPE 
samples [ 7 5 ] , although a 0.6iJm t h i c k InP b u f f e r layer was used next to 
the s u b s t r a t e , and t h i s may have given r i s e to a two dimensional 
e l e c t r o n gas at the h e t e r o - i n t e r f a c e i n a s i m i l a r manner to (Galn)As. 
X-ray rocking curve h a l f - w i d t h s as low as 34 arc seconds were obtained 
i n d i c a t i n g a high l e v e l of e p i t a x i a l q u a l i t y . Figure (4.4) shows a 77K 
photoluminescence spectrum f o r 1.3ym e p i t a x i a l quaternary, f i g u r e s 
(4,5) and (4.6) show double c r y s t a l x-ray rocking curves f o r 1.18 and 
1.3ym quaternary layers r e s p e c t i v e l y . 
The quaternary l a y e r s used i n the a c t i v e and guide layers of 
semiconductor l a s e r s , normally have a t o t a l thickness of less than 
0.5ym. I t was easier to achieve the growth of these t h i n layers than 
t h i c k e r l a y e r s , since any d i s l o c a t i o n s present due to l a t t i c e mismatch 
or other e f f e c t s , tend to worsen the q u a l i t y of the epitaxy as the 
thickness of the l a y e r i s increased. 
The low flow r a t e r a t i o of t r i m e t h y l g a l l i u m to t r i m e t h y l i n d i u m 
needed f o r the s h o r t e r wavelength quaternary a l l o y s tended to require 
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very low and t h e r e f o r e unstable flow rates of t r i m e t h y l g a l l i u m . To 
compensate f o r t h i s , the flow rates of both the group I I I a l k y l s were 
increased which i n t u r n led to a high growth r a t e of approximately 
0.13ym min~ . 
Apart from t h i s requirement, and the s i m i l a r l y low flow rates of 
ars i n e needed, the growth of the quaternary a l l o y s appeared q u i t e 
s t r a i g h t f o r w a r d . Table (4.2) shows the permissible v a r i a t i o n of each 
of the four matrix element flow rates needed to keep the s o l i d a l l o y 
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composition w i t h i n an as measured value of /ia/a = +4.10 . These 
tolerances are a key to good q u a l i t y e p i t a x i a l growth and to good 
device r e l i a b i l i t y , and so are used as a guide to mass flow c o n t r o l l e r 
s i z i n g and to general reactor design. 
A l l o y U n i f o r m i t y 
E p i t a x i a l a l l o y l ayers e x h i b i t compositional non u n i f o r m i t y of 
va r y i n g scales i n the growth d i r e c t i o n , and also i n the plane of the 
substrate both perpendicular and p a r a l l e l to the gas flow d i r e c t i o n . 
Equipment f a c t o r s such as mass flow c o n t r o l l e r s t a b i l i t y , pressure 
t r a n s i e n t s , exhaust blockage, and temperature f l u c t u a t i o n s w i l l a f f e c t 
the small scale u n i f o r m i t y i n the d i r e c t i o n of growth. Banding o f t e n 
seen i n transmission e l e c t r o n micrographs of a l l o y layers has also 
been seen and ascribed to compositional changes, and sometimes 
explained i n terms of segregation due to spinodal decomposition [ 6 2 ] . 
I n the f o l l o w i n g sections, the d i f f e r e n t causes of compositional 
non u n i f o r m i t y , using equipment known to be f u n c t i o n i n g w e l l , are 
discussed. 
Non U n i f o r m i t y due to Slow A r r i v a l of Reactants 
I t might be expected that as soon as hydrogen gas i s routed 
through an a l k y l source, a flow of gas saturated to the required 
amount would reach the reactor chamber, delayed only by the t r a n s i t 
time of the pipework separating the reactor chamber and the source. I n 
f a c t the gas develops a parabolic v e l o c i t y p r o f i l e and so some of the 
saturated gas reaches the r e a c t i o n chamber e a r l i e r than expected, and 
the reactant concentration asymptotes towards the expected 
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c o n c e n t r a t i o n . I t i s also possible that adsorption and desorption of 
metal-organic compounds onto the s t a i n l e s s s t e e l pipework slows the 
time response of the gas packet reaching the growth chamber. 
For these reasons, the vent-run design of reactor was introduced. 
A s t a b l e flow of gas was allowed to pass through the a l k y l sources 
u n t i l i t was believed that the a c t u a l molar f l u x of metal-organic 
reaching the vent-run manifold was also s t a b l e . This flow of gas was 
then switched to and from the growth chamber as needed f o r e p i t a x i a l 
growth. 
The r e q u i r e d f l u s h i n g times before s t a b l e concentrations were 
obtained were not known, so concentration-time p r o f i l e s f o r 
t r i m e t h y l g a l l i u m and t r i m e t h y l i n d i u m were measured using a membrane 
sampling probe and mass spectrometer [ 3 2 ] . This work established that 
a time of 5 minutes was needed to s t a b i l i s e the t r i m e t h y l g a l l i u m f l u x , 
and f o r t r i m e t h y l i n d i u m a period of 20 minutes was needed despite the 
higher flow rates used. The above method of gas sampling was found not 
t o be s u i t e d t o continuous use and an a l t e r n a t i v e method of 
metal-organic vapour pressure measurement was sought. I t was also 
observed that the run to run compositional r e p e a t a b i l i t y of a l l o y s was 
not as good as expected. Furthermore, there have been observations 
th a t more than one phase of t r i m e t h y l i n d i u m c r y s t a l might e x i s t [ 7 6 ] , 
and t h a t these i n t u r n might have d i f f e r e n t rates of sublimation and 
even d i f f e r e n t p a r t i a l pressures. These f a c t o r s led to the development 
of an u l t r a s o n i c technique of vapour pressure measurement. 
U l t r a s o n i c Binary Gas Composition Monitoring 
Stagg at STL developed the u l t r a s o n i c c e l l , the d e t a i l e d 
c o n s t r u c t i o n along w i t h vapour pressure measurements upon 
t r i m e t h y l i n d i u m and t r i m e t h y l g a l l i u m are discussed i n reference [ 7 7 ] . 
The u l t r a s o n i c c e l l forms a d i r e c t method of source monitoring, rather 
than r e l y i n g on the normal slow method of growing l a y e r s , measuring 
a l l o y composition, and from t h a t i n f e r r i n g the behaviour of the 
source. 
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The p r i n c i p l e of operation i s that the v e l o c i t y of sound i n a gas 
mixture i s p r o p o r t i o n a l to the mean density of the gas, a l l other 
c o n d i t i o n s remaining the same: 
V = ( YRT/M )°-^ (4.5) 
where: M i s the mean gram molecular mass of the gas mixture ( k g ) , 
V i s the v e l o c i t y of sound i n the gas mixture (ms"'''), 
R i s the u n i v e r s a l gas constant (8.3143 JK""'"mol~'''), 
T i s the c e l l temperature (K). 
Y i s the r a t i o of s p e c i f i c heats f o r the measured gas(=1.4). 
Since t r i m e t h y l i n d i u m i s believed to be a monomeric vapour from 
vapour d e n s i t y measurements, M r e l a t e s to the concentration of vapour 
i n hydrogen passing through the u l t r a s o n i c c e l l . 
The p r a c t i c a l r e a l i s a t i o n of t h i s theory used a p a i r of 
u l t r a s o n i c transducers at e i t h e r end of a s t a i n l e s s s t e e l chamber, 
t r a n s m i t t i n g ultra-sound pulses at a frequency of IMHz. The 
temperature was c a r e f u l l y measured using a platinum resistance 
thermometer. Once the equipment was proven, i t was i n s t a l l e d i n the 
t r i m e t h y l i n d i u m l i n e of the author's MOVPE reactor. 
The r e a c t o r and the u l t r a s o n i c reagent monitor are i l l u s t r a t e d i n 
f i g u r e ( 4 . 7 ) . Under normal c o n d i t i o n s , the tr i m e t h y l i n d i u m source was 
submerged i n an o i l bath heated to 50°C and, when required, a flow of 
p u r i f i e d hydrogen was passed through the source to c o l l e c t the 
3 -1 
t r i m e t h y l i n d i u m vapour at a flow r a t e of 10-70cm min . The output 
3 -1 
from the source was j o i n e d by an a d d i t i o n a l flow of up to 50cm min 
of hydrogen, to provide some gas d i l u t i o n before passing to the 
u l t r a s o n i c reagent monitor. I t was then passed to the reac t i o n zone 
v i a a f a s t gas s w i t c h i n g manifold. A l l of the pipework downstream of 
the source, along w i t h the valves and the gas switching manifold was 
heated to 70-80*'C, and the u l t r a s o n i c c e l l was heated to lOO^C. 
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Assuming i d e a l gas behaviour, the steady s t a t e t r i m e t h y l i n d i u m 
concentration ( x ) i n the c e l l i s r e l a t e d to flow r a t e s , atmospheric 
pressure and t r i m e t h y l i n d i u m p a r t i a l pressure i n the source by:-
x = Vp(TMIn).F(TMIn) . . (4.6) 
P ( T o t a l ) . F ( C e l l ) 
where: Vp(TMIn) i s the t r i m e t h y l i n d i u m p a r t i a l pressure i n the 
t r i m e t h y l i n d i u m source, 
P(Total) i s the t o t a l pressure of the gas i n the u l t r a s o n i c 
c e l l , 
F ( C e l l ) i s the t o t a l hydrogen mass flow r a t e through the 
u l t r a s o n i c c e l l , 
F(TMIn) i s the hydrogen mass flow r a t e through the 
t r i m e t h y l i n d i u m source. 
The molar flow r a t e of t r i m e t h y l i n d i u m reaching the r e a c t i o n zone 
i s i n v e r s e l y p r o p o r t i o n a l to the t o t a l pressure and therefore 
atmospheric pressure. This r e s u l t s i n the growth r a t e varying by ±3% 
w i t h atmospheric pressure v a r i a t i o n s , and the values of vapour 
concentration displayed by the u l t r a s o n i c system varying s i m i l a r l y . 
However these changes should not a l t e r d r a m a t i c a l l y the composition of 
a l l o y s since each of the metal-organic sources i s a f f e c t e d i n the same 
way. 
The u l t r a s o n i c c e l l was f i t t e d w i t h a flow and by-pass valve 
arrangement to determine the e f f e c t upon epitaxy p u r i t y , and to 
observe time constants f o r vapour adsorption and desorption onto the 
ma t e r i a l s w i t h i n the c e l l . The use and pr o x i m i t y of RF heating during 
e p i t a x i a l growth required c a r e f u l a t t e n t i o n to be applied to screening 
of the s i g n a l paths, and notch f i l t e r s were required i n the RF 
a m p l i f i e r to achieve an adequate s i g n a l - t o - n o i s e r a t i o . 
InP e p i t a x i a l layers w i t h 77K m o b i l i t i e s as high as 
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130,000cm V s were grown s h o r t l y a f t e r i n s t a l l a t i o n of the 
u l t r a s o n i c c e l l , i n d i c a t i n g that the reactor performance had not been 
compromised by the a d d i t i o n of the system. 
The u l t r a s o n i c measurement apparatus c o l l e c t e d data f o r every 
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growth run f o l l o w i n g i n s t a l l a t i o n , i n order to e s t a b l i s h trends i n 
p a r t i a l pressure, and to e s t a b l i s h run to run vapour pressure 
v a r i a t i o n s . 
Trimethylindium Vapour Pressure Rise Time Measurements 
Figure (4.8) shows a p l o t of t r i m e t h y l i n d i u m concentration i n 
hydrogen against time f o r a t y p i c a l growth run. I t should be noted 
th a t the v e r t i c a l a x is has a h e a v i l y suppressed zero to increase the 
r e s o l u t i o n of the p l o t i n the region of i n t e r e s t . This p l o t was 
c h a r a c t e r i s t i c of growth runs where the source was held at 50°C and 
when the source was e i t h e r f u l l or a long time from exhaustion. The 
v e r t i c a l bar represents the range of v a r i a t i o n of t r i m e t h y l i n d i u m 
concentration t h a t t r a n s l a t e s to an unstrained l a t t i c e mismatch of 
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±2.10 f o r GaQ ^^Q^^Q 532^^' Quantifying the shape of the curve i n 
f i g u r e ( 4 . 8 ) , a time of 16 minutes was needed f o r the v a r i a t i o n i n 
concentration to f a l l below the value required to achieve t h i s l a t t i c e 
matching c r i t e r i o n . I n p r a c t i c e , growth of an a l l o y such as (Galn)As 
would not be s t a r t e d u n t i l about twice t h i s time was reached, and then 
only i f the data i n d i c a t e d that the t r i m e t h y l i n d i u m source was 
behaving as expected. This long time to reach s t a b i l i t y required the 
t r i m e t h y l i n d i u m to be flushed to vent f o r some time p r i o r to growth, 
which was w a s t e f u l i n terms of consumption of t r i m e t h y l i n d i u m and of 
rea c t o r time. 
E f f o r t s were made to determine the cause of the long time to 
reach a s t a b i l e concentration. Figure (4.9) shows a s i m i l a r p l o t to 
f i g u r e (4.8) where the t r i m e t h y l i n d i u m had f i r s t been flushed to vent 
f o r 85 minutes though by-passing the u l t r a s o n i c c e l l . The c e l l was 
then placed i n c i r c u i t and the measured concentration of 
t r i m e t h y l i n d i u m rose r a p i d l y , w i t h a time constant of b e t t e r than 3 
minutes. This r e s u l t i n d i c a t e s that adsorption and desorption of 
t r i m e t h y l i n d i u m on or from the surfaces of the u l t r a s o n i c c e l l , i s not 
the cause of the long time required to reach a s t a b l e concentration. 
Since the surface area of pipework from the t r i m e t h y l i n d i u m 
source to the r e a c t o r i s s i m i l a r to the surface area of the u l t r a s o n i c 
c e l l , then the adsorption and desorption of vapour onto the s t a i n l e s s 
s t e e l pipework i s also eliminated as a cause. Heating of a s i n g l e 
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known cold spot i n the reactor pipework had no s i g n i f i c a n t e f f e c t upon 
the time constant. I t i s concluded that the large time constant i s 
r e l a t e d to changes o c c u r r i n g w i t h i n the t r i m e t h y l i n d i u m source such as 
v a r i a t i o n s i n the temperature, or c r y s t a l s t r u c t u r e of the 
t r i m e t h y l i n d i u m . 
Figure (4.10) shows a t r i m e t h y l i n d i u m concentration against time 
p l o t where the experimental c o n d i t i o n s were a t r i m e t h y l i n d i u m source 
temperature of 40''C and a l l other conditions the same as those of 
f i g u r e ( 4 . 8 ) . The temperature c o n t r o l of the tr i m e t h y l i n d i u m bath was 
not optimised f o r t h i s lower temperature and r e s u l t e d i n the 
temperature hunting by ±2°C. This v a r i a t i o n was r e f l e c t e d i n the 
t r i m e t h y l i n d i u m p a r t i a l pressure o s c i l l a t i n g as i l l u s t r a t e d by f i g u r e 
(4.10), and i s f u r t h e r evidence of the f a s t response of the o v e r a l l 
system to changes i n t r i m e t h y l i n d i u m p a r t i a l pressure. The time 
constant f o r the average concentration to be stable w i t h i n the l a t t i c e 
match c r i t e r i o n was determined to be 6 minutes, a major reduction to 
t h a t r e q uired at 50°C. The exact explanation f o r the change i n time 
constant, and the slow r i s e to s t a b i l i t y of p a r t i a l pressure at 50°C 
i s not f u l l y understood. However Kayser et a l have reported that the 
vapour pressure of t r i m e t h y l i n d i u m , measured under s t a t i c c o n ditions, 
rose slowly w i t h time a f t e r an i n i t i a l sharp increase i n pressure 
[ 7 8 ] . The explanation given f o r t h i s e f f e c t was that the 
t r i m e t h y l i n d i u m was slowly d i s s o c i a t i n g . This does not however explain 
why growth of InP was s t i l l possible w i t h low tr i m e t h y l i n d i u m vapour 
pressures i n the author's r e a c t o r . 
Run to Run Vapour Pressure S t a b i l i t y 
Equally important f o r a l l o y growth, i s run to run r e p e a t a b i l i t y 
of p a r t i a l pressure. By determining the f i n a l concentration of 
t r i m e t h y l i n d i u m i n the gas stream, and c o r r e c t i n g f o r the t o t a l 
pressure, the absolute p a r t i a l pressure of the tr i m e t h y l i n d i u m source 
can be determined f o r the end of each growth run, using equation 
( 4 . 6 ) . Figure (4.11) shows the v a r i a t i o n of t h i s p a r t i a l pressure as a 
f u n c t i o n of run number. A l l the points r e l a t e to s i m i l a r flow ra t e and 
temperature c o n d i t i o n s , and the p l o t was s t a r t e d from the i n s t a l l a t i o n 
of a new source of t r i m e t h y l i n d i u m . A gradual f a l l i n the p a r t i a l 
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pressure i s observed w i t h consumption of the source, but the trend i s 
f o r s t a b i l i t y t o be reached w i t h the m a j o r i t y of the curve l y i n g 
w i t h i n the l a t t i c e match c r i t e r i o n stated e a r l i e r . 
T rimethylindium Source Exhaustion C h a r a c t e r i s t i c s 
I t i s i n t e r e s t i n g to observe the e f f e c t on the trimethylindium 
p a r t i a l pressure as the source becomes depleted. Figure (4.12) shows a 
se r i e s of concentration against time curves f o r the l a s t few growth 
runs p r i o r to a t r i m e t h y l i n d i u m source being t o t a l l y exhausted. The 
amount of t r i m e t h y l i n d i u m l e f t i n the source b o t t l e once removed from 
the r e a c t o r was determined by radiography to be n e g l i g i b l e . Curve (1) 
i s a concentration curve repr e s e n t a t i v e of a source nearing 
exhaustion, characterised by a 10% lower p a r t i a l pressure than 
expected and a peak i n concentration r a t h e r than a curve tending to 
s t a b i l i t y . This behaviour can be explained by the volume i n the source 
being f u l l y saturated before a gas flow i s s t a r t e d through i t , so 
g i v i n g gas w i t h a normal concentration; followed by a decrease i n 
concentration caused by i n s u f f i c i e n t surface area of c r y s t a l s of 
t r i m e t h y l i n d i u m being a v a i l a b l e to evaporate and saturate the gas 
f l o w i n g through the c y l i n d e r . 
A technique that has been used r e c e n t l y to recover the 
performance of a t r i m e t h y l i n d i u m source i s to r a i s e the source 
temperature above the m e l t i n g p o i n t of t r i m e t h y l i n d i u m and then cool 
and r e c r y s t a l l i s e the t r i m e t h y l i n d i u m under a slow gas flow [ 7 9 ] . The 
source on the author's MOVPE reactor was heated to 95''C, then cooled 
r a p i d l y w i t h a flow of hydrogen being maintained through the source. 
Concentration curves (2) and (3) i l l u s t r a t e the recovery of the source 
to i t s o r i g i n a l performance f o l l o w i n g the r e c r y s t a l l i s a t i o n process. 
However a few growth runs l a t e r the a b i l i t y to maintain s a t u r a t i o n of 
the vapour was again l o s t (curve 4 ) , and the three curves (5,6 & 7) 
show the f i n a l drop i n p a r t i a l pressure during growth runs before the 
source was removed. 
A consequence of i d e n t i f y i n g the exhaustion c h a r a c t e r i s t i c s of a 
t r i m e t h y l i n d i u m source, i s t h a t the event can be predicted by 
observing the onset of droop of the concentration curve. This i s 
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p r e f e r a b l e to d i s c o v e r i n g exhaustion from composition and growth rat e 
changes, which may be due to other f a c t o r s , and are somewhat ' a f t e r 
the event' methods. I t i s also p r e f e r a b l e to p r e d i c t i n g the amount of 
a l k y l used from run times, p a r t i a l pressures and flow rates since an 
e r r o r i n any one of these, or i n the weight of the tri m e t h y l i n d i u m 
o r i g i n a l l y placed i n the source by the manufacturer, w i l l r e s u l t i n 
confusion. 
Mircea et a l [80] have noted that the p a r t i a l pressure of 
t r i m e t h y l i n d i u m sublimed at 25*'C decreases w i t h increasing flow rat e 
through the source, the lack of s a t u r a t i o n of the vapour being most 
3 -1 
marked above 100cm min . This e f f e c t may be expected to become worse 
w i t h consumption of the t r i m e t h y l i n d i u m source, and i n d i c a t e s that i t 
i s b e t t e r to use a combination of low flow rates and a heated source 
r a t h e r than a cold source w i t h high gas flow r a t e s . 
Gas Mixing 
To o b t a i n e p i t a x i a l l a yers that are compositionally uniform i n the 
plane of the s u b s t r a t e , i t i s e s s e n t i a l that the c o n s t i t u e n t s of the 
gas stream a r r i v i n g at the substrate are thoroughly mixed. Varying gas 
concentrations measured across the cross s e c t i o n of the gas stream and 
induced i n the gas s w i t c h i n g manifold, w i l l be r e f l e c t e d i n e p i t a x i a l 
compositional v a r i a t i o n s , unless the gas stream has had s u f f i c i e n t 
time to i n t e r - d i f f u s e i n t o a homogeneous mixture on the way to the 
r e a c t i o n chamber. The present i n t e r e s t i n low dimensional s t r u c t u r e s 
and h i g h l y abrupt i n t e r f a c e s has r e s u l t e d i n the vent-run gas 
s w i t c h i n g manifolds being p o s i t i o n e d very close to the r e a c t i o n 
chamber. F a i l u r e to do t h i s r e s u l t s i n grading of e p i t a x i a l 
i n t e r f a c e s . A severe c r i t e r i o n i s therefore imposed: i n order to grow 
low dimensional s t r u c t u r e s and uniform layers i t i s necessary to s i t e 
the s w i t c h i n g manifold close to the r e a c t i o n chamber and mix the gases 
without i n t r o d u c i n g any r e c i r c u l a t i o n or s t a t i c volumes that would 
s t o r e gas. As an example, Thrush at S.T.L. t r i e d to use glass wool at 
the r e a c t i o n tube i n l e t to improve mixing. This was achieved, but 
T.E.M. cross sections of low dimensional e p i t a x i a l s t r u c t u r e s revealed 
th a t the i n t e r f a c e q u a l i t y had been degraded. 
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The author's reactor i s so designed to provide good low 
dimensional c a p a b i l i t y , but y i e l d s e p i t a x i a l layers of poor 
u n i f o r m i t y . Figure (4.13) i l l u s t r a t e s a t y p i c a l (Galn)As e p i l a y e r 
compositional cross s e c t i o n perpendicular to the gas flow over the 
sub s t r a t e . A f a i r l y l i n e a r change i n g a l l i u m content can be seen. I t 
was suspected that t h i s non u n i f o r m i t y was associated w i t h the 
p r o x i m i t y of the sw i t c h i n g manifold to the r e a c t i o n zone. An 
improvement i n u n i f o r m i t y from 6% g a l l i u m content ( f i g u r e 4.13), to 3% 
was obtained by moving the t r i m e t h y l g a l l i u m input port to the same 
side as the t r i m e t h y l i n d i u m input port i n the gas switching manifold 
( f i g u r e 4.14). The area of maximum g a l l i u m content i n the e p i t a x i a l 
l a y e r also changed from one side to the other. 
The flow rates of t r i m e t h y l g a l l i u m and tr i m e t h y l i n d i u m used were 
3 -1 
c a r e f u l l y considered and i t was decided that i n j e c t i o n of 5cm min 
of t r i m e t h y l g a l l i u m i n t o a hydrogen flow of 4 Imin" was r e s u l t i n g i n 
the vapour creeping along the edge of the pipework i n the slowest 
moving part of the gas stream. I n an attempt to improve the gas 
mixing, f u r t h e r hydrogen was added to the t r i m e t h y l g a l l i u m l i n e 
downstream of the source, the increased gas v e l o c i t y causing i n j e c t i o n 
of gas i n t o the centre of the switching manifold. The r e s u l t of t h i s 
m o d i f i c a t i o n can be seen i n f i g u r e (4.15). The slope of the 
composition r e l a t i v e to the gas stream has reversed and worsened f o r a 
maximum e x t r a flow of hydrogen added to the t r i m e t h y l g a l l i u m l i n e of 
3 -1 
200 cm min . Some reduction of t h i s a d d i t i o n a l flow provided an 
improvement i n e p i t a x i a l u n i f o r m i t y , presumably due to the 
t r i m e t h y l i n d i u m and t r i m e t h y l g a l l i u m gas clouds being i n j e c t e d i n t o 
closer range of each other. However the required u n i f o r m i t y target of 
2% t o t a l v a r i a t i o n i n g a l l i u m content was not achieved. 
A f u r t h e r m o d i f i c a t i o n to the reactor gas switching manifold, was 
to add small pipes onto the ends of each i n j e c t i o n port to a depth of 
1.5mm, equivalent to a quarter of the diameter of the manifold bore. 
The vapours of t r i m e t h y l g a l l i u m and t r i m e t h y l i n d i u m were then i n j e c t e d 
i n t o the c e n t r a l , high v e l o c i t y part of the gas stream, rather than 
i n t o the slow moving s i d e - w a l l flows. This change re s u l t e d i n an 
improvement of the l a t e r a l compositional u n i f o r m i t y to a t o t a l of 
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1.25% g a l l i u m v a r i a t i o n , or a l a t t i c e mismatch of ±4.10 . A 
composition map of a t y p i c a l e p i t a x i a l l a y e r i s shown i n f i g u r e 
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(4.16). I t i s evident t h a t there i s as much compositional v a r i a t i o n i n 
the d i r e c t i o n of gas flow, as there i s perpendicular. This i s probably 
due to i n c r e a s i n g d e p l e t i o n of t r i m e t h y l i n d i u m from the gas phase 
along the l e n g t h of the susceptor. 
Consideration of the mechanisms a v a i l a b l e f o r the mixing of the 
gases gives three p o s s i b i l i t i e s . The f i r s t , i n j e c t i o n of the gases to 
be mixed i n t o e x a c t l y the same p o s i t i o n i n the c a r r i e r gas stream, was 
not pursued due to engineering c o n s t r a i n t s and because the above 
experiments i n d i c a t e d that d i f f e r e n t flow rates needed f o r d i f f e r e n t 
growth c o n d i t i o n s would a f f e c t the gas mixing. The p o s s i b i l i t y of 
d i s t a n c i n g the manifold f u r t h e r from the growth tube, and of inducing 
mixing by turbulence or d i f f u s i o n was i n v e s t i g a t e d i n greater depth. 
Turbulent Mixing 
The l i k e l i h o o d of inducing turbulence i n a gas stream i s given by 
ion ( 4 . 7 ) , when f o r a g: 
exceeds a c e r t a i n value [81] 
equat n iven geometry, the Reynold's number (R^) 
Rg = pdv (4.7) 
where f o r hydrogen at S.T.P, 
Rg = Reynold's number, 
p = gas d e n s i t y = 0.09kgm~^, 
n = gas v i s c o s i t y = 8.35.10"Ssm~^, 
V = gas v e l o c i t y , 
d = tube diameter. 
For the case of a c y l i n d r i c a l pipe, R^  i s approximately 2000, and 
a d d i t i o n a l l y some d i s c o n t i n u i t y i s needed to s t a r t turbulence i n the 
pipe i n the f i r s t instance. 
For the author's r e a c t o r , w i t h a hydrogen flow r a t e of 4 Imin"''' 
and a s w i t c h i n g manifold bore diameter of 6mm, the value of R^  i s 
c a l c u l a t e d to be 152, f a r short of the value needed to sustain 
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turbulence. I f the gas pressure i s reduced, f o r the same mass flow 
r a t e s , the gas v e l o c i t y i s increased p r o p o r t i o n a l l y and the density i s 
decreased. The v i s c o s i t y of a gas does not change s i g n i f i c a n t l y w i t h 
pressure and so no change i n r e s u l t s from reducing the reactor 
pressure. For the same flow r a t e ( F ) , can only exceed 2000 i f the 
tube diameter i s below 0.45mm, from: 
d = 4pF (4.8) 
nnR^  
Hydrogen has a comparatively low value of kinematic v i s c o s i t y 
( p / r i ) , and so i s a p a r t i c u l a r l y d i f f i c u l t gas to mix. 
By s c a l i n g of flow rates and using dyed water i n a mock up scale 
model of an MOVPE re a c t o r , the lack of t u r b u l e n t mixing was observed 
along w i t h creeping of low i n j e c t e d flows along the side-walls of the 
rea c t o r [ 8 2 ] . 
Further e f f o r t s t o induce t u r b u l e n t mixing i n the MOVPE reactor 
were made using a mixing nozzle c o n s i s t i n g of a plug that f i t t e d i n t o 
the output of the gas sw i t c h i n g manifold w i t h a 0.2mm hole i n the 
centre. Figure (4.17) shows the u n i f o r m i t y of a (Galn)As e p i t a x i a l 
l a y e r grown using t h i s device. Although the u n i f o r m i t y d r a m a t i c a l l y 
improved, the q u a l i t y of the ep i l a y e r s was considerably poorer than 
l a y e r s grown without the mixing nozzle. This was determined to be due 
to the nozzle i n t r o d u c i n g a 60 mBar pressure r i s e i n t o the a l k y l 
manifold and subsequently a f f e c t i n g the pressure balancing of the 
arsine-phosphine manifold. Attempts were made to improve the e p i t a x i a l 
q u a l i t y by reducing the nozzle impedance by d r i l l i n g the hole l a r g e r , 
but i t was found that when a hole large enough to allow specular 
e p i t a x y was used, the e p i t a x i a l layers had returned to the o r i g i n a l 
non-uniform s t a t e . 
The above experimental data and c a l c u l a t i o n s were given f u r t h e r 
support by a p u b l i c a t i o n a few months l a t e r by Blaauw et a l d e t a i l i n g 
s i m i l a r experiments and r e s u l t s [ 8 3 ] . 
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D i f f u s i o n Mixing of Gases 
The second method of thoroughly mixing gases i n j e c t e d i n t o a gas 
stream i s to allow s u f f i c i e n t time f o r the gases to i n t e r - d i f f u s e . 
This occurs i n reactors where the gas i n j e c t i o n point i s remote from 
the r e a c t i o n chamber. 
To c a l c u l a t e how long i s required f o r a gas stream to mix 
adequately, the f o l l o w i n g approximate model was considered. A column 
of gas d i f f u s e s sideways, and the concentrations at the centre of the 
column, and at a po i n t away from the centre of the column were 
compared as a f u n c t i o n of time. When the two concentrations are 
s i m i l a r to w i t h i n ~ 1.5%, the gas i s considered to be mixed. The model 
i s i l l u s t r a t e d i n f i g u r e (4.18). An e r r o r f u n c t i o n d i f f u s i o n equation 
a p p l i e s : 
C ( x , t ) = l a rer f f ( h - x ) l + .erf f ( h + x ) ) ^ (4.9) [84] e r f r ( h - x ) ^ +.erf r(h+x)y 
. l/(Dt)J l / ( D t ) j , 
where: C = the gas concentration, 
t = time, 
X = radius from the centre of the column, 
D = d i f f u s i o n c o e f f i c i e n t f o r the gas, 
h = radius of the gas column at zero time, 
C^ = i n i t i a l concentration of gas, (100%). 
The d i f f u s i o n c o e f f i c i e n t f o r t r i m e t h y l i n d i u m and 
2 -1 
t r i r a e t h y l g a l l i u m was determined to l i e between 0.4 and 0.5cm s at 
STP from comparison w i t h data on gases w i t h s i m i l a r molecular weights, 
2 -1 
and to be 0.2cm s from d i f f u s i o n studies [ 8 5 ] . The d i f f u s i o n 
c o e f f i c i e n t i s also a f u n c t i o n of temperature (D ~ T * ) . The 
temperature of the gas w h i l s t being mixed was around 60°C i n the 
2 -1 
author's r e a c t o r and so a value of D of 0.4cm s was considered 
appropriate f o r use i n c a l c u l a t i o n s . 
The above d i f f u s i o n equation was solved and tabulated using an 
i n i t i a l gas column diameter of 0.5mm, and observing the concentration 
of gas at the centre of the column and at a radius of 1.5mm. I t was 
ca l c u l a t e d t h a t the d i f f e r e n c e between the two concentrations would be 
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16.7% a f t e r 0.01s, 1.3% a f t e r 0.1s and 0.5% a f t e r I s had elapsed. The 
value of 1.3% i s acceptable f o r the growth of uniform m a t e r i a l and 
t h i s d i f f u s i o n time then allows the necessary l e n g t h of pipe to be 
determined. For a 4 l m i n ~ flow of gas through a 6mm diameter pipe, a 
distance of 23.5cm i s required. This i s considerably f u r t h e r than the 
a v a i l a b l e distance on the author's reactor and i t i s therefore not 
s u r p r i s i n g that non-uniform epitaxy r e s u l t s . 
An a l t e r n a t i v e method of ensuring complete mixing of gases by the 
time the growth zone has been reached, i s to pre-mix the gases 
remotely. The various mixtures are then e i t h e r switched close to the 
r e a c t o r , or the substrate i s passed to and from two separate gas 
streams i n the reactor by mechanical means. Figure (4.19) i l l u s t r a t e s 
the u n i f o r m i t y obtained f o r (Galn)As grown by A n t e l l at STL, using a 
rea c t o r that switched gas mixtures close to the r e a c t i o n c e l l . The 
maximum spread of photoluminescence wavelengths obtained upon two h a l f 
two-inch diameter wafers grown i n two consecutive growth runs was 13nm 
and 6nm. The standard d e v i a t i o n of photoluminescence wavelength over 
the t o t a l area was 4.2nm, w e l l w i t h i n the u n i f o r m i t y requirements f o r 
many a p p l i c a t i o n s . 
I n t e r f a c e Abruptness: The E f f e c t of Gas D i f f u s i o n 
The above r e s u l t s i n d i c a t e that i t i s preferable to distance the 
gas s w i t c h i n g manifold from the r e a c t i o n chamber, at l e a s t when using 
a conventional f a s t gas s w i t c h i n g reactor. Applying d i f f u s i o n theory 
again, t h i s time to two packets of gas passing from gas manifold to 
r e a c t i o n zone, i t i s possible to determine the amount of 
i n t e r - d i f f u s i o n t h a t w i l l have taken place between the two gas packets 
at the entrance to the r e a c t i o n zone. A complementary e r r o r f u n c t i o n 
equation i s used: 





where: D = 0.4cm s , 
C ^ = i n i t i a l gas concentration at the packet i n t e r f a c e 
(100%), 
C = gas concentration a f t e r time ( t ) and at a distance 
(x) from from the gas packet i n t e r f a c e . 
For the pr e v i o u s l y c a l c u l a t e d time of t = 0.1s, the distance over 
which the gas packet has spread to the range of 5 - 95% of i t s 
o r i g i n a l value can be determined. The 5 - 95% range i s chosen as that 
compositional f l u c t u a t i o n that would appear i n cross s e c t i o n a l TEM 
micrographs of the epitaxy. 
The value c a l c u l a t e d i s +0.46cm, from the o r i g i n a l i n t e r f a c e , and 
i n a 6mm diameter pipe w i t h 4 Imin"''' of gas f l o w i n g , t h i s distance 
corresponds to a time of 3.9ms. During t h i s time, even at the highest 
envisaged growth r a t e s , only an average thickness of O.lA e p i t a x i a l 
l a y e r w i l l have been grown, and so mono-layer sharp i n t e r f a c e s should 
be possible. However d i f f u s i o n i s not the only f a c t o r causing smearing 
together of gas packets and poor e p i t a x i a l i n t e r f a c e s . 
I n t e r f a c e Abruptness: E f f e c t of Parabolic V e l o c i t y P r o f i l e . 
Since the gas flow between the switching manifold and the reactor 
chamber i s laminar, the gas stream develops a three dimensional 
p a r a b o l i c v e l o c i t y p r o f i l e . The peak v e l o c i t y of the gas i s at the 
centre of the tube, and i s twice the average gas flow v e l o c i t y . 
S t a r t i n g from a p a r a l l e l p r o f i l e , the f u l l parabolic v e l o c i t y 
p r o f i l e i s a t t a i n e d at a length along the pipe: 
= 0.0288.Rg.d (4.11) [86] 
where: = the Reynold's number, 
d = the tube diameter. 
Using the pr e v i o u s l y c a l c u l a t e d value of R^  of 152, i s 
c a l c u l a t e d to be 4 diameters. I n a 6mm bore tube, t h i s corresponds to 
a distance of 2.4cm, so the f u l l p arabolic p r o f i l e w i l l have evolved 
a f t e r a t r a n s i t time of 0.01s. I t i s i n t e r e s t i n g to c a l c u l a t e the 
average gas concentration that e x i s t s at the entrance of the growth 
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zone at various times a f t e r the gas composition has been switched. I t 
takes a c e r t a i n time before any change i s seen at a l l , and a f t e r t h i s 
the p a r a b o l i c i n t e r f a c e between the two packets of gas w i l l gradually 
cross i n t o the growth zone. 
By considering the cross s e c t i o n a l area of the pipe occupied by 
the new gas packet, the average concentration of new gas type can be 
c a l c u l a t e d : 
C=C^.t.v(p) - L (4.12) 
t . v ( p ) 
where: t = time. 
= i n i t i a l concentration (100%), 
C = measured concentration, 
v(p) = peak gas v e l o c i t y , 
L = distance from the s t a r t of the pipe. 
For a 6mm diameter pipe and a flow r a t e of 4 Imin"''", at a 
distance of 23.5cm, 1 second i s required f o r the gas concentration to 
reach 95%, from a value of 0% at 0.05s. I n the i n t e r v e n i n g time, at a 
growth r a t e of O.OSymmin"''', an i n t e r f a c e width of 8A would be 
obtained. This i s adequate f o r many a p p l i c a t i o n s . 
Another e f f e c t that l i m i t s i n t e r f a c e abruptness i s adsorption and 
desorption of gases from the pipe w a l l s . The extent of t h i s i s 
d i f f i c u l t to determine, but the e f f e c t w i l l scale w i t h surface area 
and t h e r e f o r e w i t h pipe length and diameter. 
Entrance E f f e c t s 
A f u r t h e r f a c t o r that a f f e c t s both compositional u n i f o r m i t y and 
gas s w i t c h i n g abruptness i s the manner i n which gas leaves the gas 
handling pipework and enters the l a r g e r diameter r e a c t i o n tube. I f the 
diameter change i s too abrupt, the o r i g i n a l narrow stream of gas w i l l 
break away from the tube w a l l s and continue i n t o the wider tube areas 
as a gas plume. R e c i r c u l a t i n g stagnant gas zones are then l e f t behind 
at the s t a r t of the r e a c t i o n tube, and t h i s leads to poorer i n t e r f a c e 
abruptness. The plume of gas i n the r e a c t i o n zone may give r i s e to 
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l o c a l i s e d c o o l i n g of the substrate, and also to an area of d i f f e r e n t 
compositional u n i f o r m i t y to the r e s t of the substrate. 
Johnson et a l have f u r t h e r shown that argon and nitrogen c a r r i e r 
gases exacerbate these e f f e c t s due to t h e i r higher kinematic 
v i s c o s i t i e s ( p / l l ) , compared to hydrogen and helium [ 8 7 ] . More 
r e c e n t l y . Mason et a l have used t i t a n i u m dioxide smoke studies to 
demonstrate that the angle of divergence between the small and large 
areas of the r e a c t i o n tube should be less than 10° to avoid the above 
e f f e c t s [88,89]. They have f u r t h e r shown that the length of glassware 
required can be reduced by using a curved cross s e c t i o n a l change of 
area w i t h a para b o l i c p r o f i l e . 
L o n g i t u d i n a l Compositional Un i f o r m i t y 
The compositional u n i f o r m i t y of wafers p a r a l l e l to the gas stream 
( l o n g i t u d i n a l u n i f o r m i t y ) i s of equal importance to that obtained 
l a t e r a l l y . Some workers have reported very uniform epitaxy i n t h i s 
d i r e c t i o n [90,91], w h i l s t others have reported s i g n i f i c a n t v a r i a t i o n s 
[ 6 9 ] . Figure (4.20) i l l u s t r a t e s the photoluminescence u n i f o r m i t y 
obtained f o r a wafer of 1.55ym quaternary grown i n the author's 
r e a c t o r . A wavelength range of 15nm i s observed, comparable to other 
data i n the l i t e r a t u r e [ 9 0 ] . Further studies of composition v a r i a t i o n s 
were undertaken upon e p i t a x i a l quaternary m a t e r i a l of 1.3]jm 
wavelength. Figures (4.21) and (4.22) show g a l l i u m (x) and arsenic (y) 
content, against distance along a wafer i n the d i r e c t i o n of gas flow. 
The temperature of the growth tube was vari e d from a water cooled 
13°C, to an uncooled and the r e f o r e hot walled tube. The most uniform 
e p i t a x y was obtained f o r the coldest tube temperature, the trend i n 
each case being an increase i n phosphorus i n c o r p o r a t i o n i n the gas 
flow d i r e c t i o n . The colder tube may r e s u l t i n a more uniform susceptor 
temperature so improving the u n i f o r m i t y of cracking r a t i o of arsine to 
phosphine. The s e n s i t i v i t y of growth to reactor temperature 
demonstrates a need to formulate group V precursors that have s i m i l a r 
cracking e f f i c i e n c i e s . 
The g a l l i u m content of t h i s e p i l a y e r appeared to peak at the 
edges of the wafer, t h i s i s o f t e n found to be the case. The reason f o r 
t h i s e f f e c t i s not c l e a r , but the p r o x i m i t y of the reactor walls may 
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a f f e c t the substrate temperature and therefore influence the e p i t a x i a l 
growth or cause reactant d e p l e t i o n . Haspekto et a l have demonstrated 
t h a t r e a c t o r w a l l temperature s i g n i f i c a n t l y a f f e c t s both the absolute 
composition and the u n i f o r m i t y of (Galn)As epitaxy [ 9 2 ] . This was 
ascribed to vapour phase d e p l e t i o n of indium due to formation of a 
p a r a s i t i c compound at an enhanced r a t e due to the warm reactor w a l l s . 
The same authors reported t h a t lowering the growth pressure 
d r a s t i c a l l y improved the compositional u n i f o r m i t y of t h e i r epitaxy. 
Thickness U n i f o r m i t y 
The quaternary l a y e r e p i t a x i a l thickness v a r i a t i o n was =7% over a 
wafer width of 20mm f o r a lym t h i c k l a y e r . Since t h i s appeared to be 
adequate f o r many a p p l i c a t i o n s , no research was undertaken i n t o the 
f a c t o r s a f f e c t i n g thickness u n i f o r m i t y when using the Bass c e l l . 
Small samples of less than 5mm by 5mm o f t e n showed growth rates 
higher than l a r g e r areas of m a t e r i a l from the same growth run. Care 
was t h e r e f o r e taken to avoid the use of small samples when 
i n v e s t i g a t i n g l a s e r s t r u c t u r e s . This e f f e c t was probably due to 
l o c a l i s e d preference f o r growth to take place upon substrates rather 
than exposed susceptor surfaces. 
Table (4.1)... Growth conditions for Ga la, As P, alloys 
Alloy conposition IMGa flow TMIn flow AsH^ flow PH^  flow 
and waveloigth 3 - 1 3 - 1 3 - 1 3 - 1 
(cm min ) (cm min ) (cm min ) (cm min ) 
(Bath tanp (Bath temp (10% in H,) (10% in H,) 
= -7°C) = 50°C) 
x=.202 y=.4W 5.1 66.4 9 300 
X= l.lSun 
x=.280 y=.607 7.5 66.4 16 300 
X= 1.3ym 
x=.408 y=.880 5 16 104 300 
X = 1.55ym 
x=.468 10.4 33.8 80-200 
Ga(InAs) 
Table (4.2); Mass flow rate tolerances required to achieve lattice 
matching as measured of /tei/a = + 4.10"^ for (GaIn)(AsP) alloys. 
may 
±% 
Ga 3. - 1 +cm min ±% ^ 3 . - 1 ±cm min ^ 3 -1 ±% ±cm min ±% ' 3.-±cm min 
X=1.18iJm 2.5 5.1 0.6 66.4 1.1 9 0.8 300 
±0.13 ±0.4 ±0.1 ±2.4 
>i=1.3ym 1.7 7.5 0.7 66.4 0.74 16 1.1 300 
±0.13 ±0.46 ±0.11 ±3.3 
X=1.55|jim 1.4 5 0.95 10 0.72 104 6.2 300 
±0.07 ±0.095 ±0.75 ±18.6 
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Figure ( 4 . 1 ) : Composition contours as a f u n c t i o n of band-gap, 
wavelength, and l a t t i c e spacing f o r I I I / V compounds. 
The areas bounded by ternary contours represent 
compositions of quaternary compounds. 
X 800 
O p t i c a l micrograph of good q u a l i t y e p i t a x i a l (Galn)As. 
Figure (4.2) 
O p t i c a l micrograph of poor q u a l i t y e p i t a x i a l (Galn)As. 
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Figure (4.3) O p t i c a l micrographs of e p i t a x i a l layers of (Galn)As, 















Figure (4.4); 77K photoluminescence emission from a 1.3um 
quaternary l a y e r . 
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Figure (4.5); Double c r y s t a l x-ray rocking curve on a 1.18ym 









Figure ( 4 . 6 ) : Double c r y s t a l x-ray r o c k i n g curve on a 1.3ym 
emission quaternary l a y e r . 
M F C 
0 -100 c m 3 min-l 
Heated va lves 
a n d p ipes , T > 7 0 ° C 
T M I n 
Normal ly 5 0 ° C 
M F C 
0 - 5 0 c m 3 min i 
U l t rasonic 
c h a m b e r 
100" 
Vent / run 
g a s swi tch ing 
manifold 
Vent 
Ul t rasonic drive p u l s e s in, 
r e c e i v e d s ignal a n d tempera ture out 
t 
T o c o m p u t e r a n d s igna l 
p r o c e s s i n g e l e c t r o n i c s 
R F Heating 
Growth c h a m b e r 
Figure ( 4 . 7 ) : Layout of the t r i m e t h y l i n d i u m l i n e , i n c o r p o r a t i n g an 









TMIn flow rate = 33.8 cm3 min"' 
TMIn temperature = 50°C 
Aa 
a =2.10-'» 
20 40 60 
Time (mins) 
80 100 120 
Figure (4.8): Time response of t r i m e t h y l i n d i u m vapour pressure as 
measured through the u l t r a s o n i c monitor w i t h a 
source temperature of 50°C. The hydrogen flow was 
switched through the t r i m e t h y l i n d i u m source at 0 
minutes. Note the h e a v i l y o f f s e t o r i g i n on the 
v e r t i c a l a x i s . 
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Figure (4.9); Time response of the u l t r a s o n i c c e l l to a f l u x of 
t r i m e t h y l i n d i u m that had already reached e q u i l i b r i u m 
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Figure (4.10); Time response of t r i m e t h y l i n d i u m vapour pressure as 
measured through the u l t r a s o n i c monitor w i t h an 
unstable source temperature of 40°C. The hydrogen 
flow through the t r i m e t h y l i n d i u m source was switched 
on at 0 minutes. 
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Figure (4.11): V a r i a t i o n of t r i m e t h y l i n d i u m vapour pressure as 
measured through the u l t r a s o n i c chamber, from growth 
run to growth run f o r the same source. The vapour 
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Figure (4.12); Time response of t r i m e t h y l i n d i u m vapour pressure f o r 
consecutive growth runs p r i o r to t o t a l exhaustion of 
the source: 
(1) : low vapour pressure g i v i n g r i s e to suspicion of 
the s t a t e of the source. 
(2) ( 3 ) : response a f t e r m e lting and r e c r y s t a l l i s i n g 
the t r i m e t h y l i n d i u m . 
( 4 ) ( 5 ) ( 6 ) : r e t u r n to low vapour pressures. 
( 7 ) : t o t a l c o l lapse of output vapour concentration. 














Total variation = 6% 
4 6 8 10 12 14 16 18 20 22 24 26 
mm _Lgas stream — • 
Figure (4.13): Composition of (Galn)As as a f u n c t i o n of p o s i t i o n 
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Figure (4.14): L a t t i c e mismatch of (Galn)As as a f u n c t i o n of 
p o s i t i o n across the gas stream, as determined by 
x-ray measurements. The p o s i t i o n of the 
t r i m e t h y l g a l l i u m i n l e t to the switching manifold was 
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Figure (4.15): L a t t i c e mismatch of (Galn)As as a f u n c t i o n of 
p o s i t i o n across the gas stream w i t h an increased 
i n j e c t i o n v e l o c i t y of t r i m e t h y l g a l l i u m vapour. 
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Figure (4.16): L a t t i c e mismatch (ppm) contour map f o r a layer of 
(Galn)As grown using a new gas i n j e c t i o n manifold 












Figure (4.17): L a t t i c e mismatch as a f u n c t i o n of p o s i t i o n across 
the gas stream f o r a layer of (Galn)As grown using a 
high impedance gas mixing nozzle. 
0. 5 mm 
Figure (4.18): Approximated sideways d i f f u s i o n of t r i m e t h y l g a l l i u m 
i n hydrogen across the diameter of a pipe. D i s 
2 -1 
=0.4cm s f o r t r i m e t h y l g a l l i u m , based upon s i m i l a r 
molecular s t r u c t u r e s and weights. Only a f t e r 0.1s 
w i l l the concentration C at x=0 and at x=+1.5mm, 
vary by less than 1.5%. I n a 6mm diameter tube, w i t h 
a gas flow r a t e of 3.51/min, a segment of gas w i l l 
have t r a v e l l e d 20cm i n 0.1s. 
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Figure (4.19): Photoluminescence map of two h a l f two inch diameter 
wafers of e p i t a x i a l (Galn)As grown i n a dual l i n e 
MOVPE r e a c t o r . 
-64-
Chapter 5 
Im p u r i t y doping of InP and (Gain)As 
The doping of InP and (Galn)As using hydrogen 
selenide, s i l a n e and dimethylzinc i s described and the use 
of other dopants i s reviewed. The r o l e of atomic hydrogen 
i n InP i s discussed. 
The m a j o r i t y of p r a c t i c a l e l e c t r o n i c and o p t o - e l e c t r o n i c 
semiconductor devices r e q u i r e e i t h e r p or n-type doping of the various 
semiconductor l a y e r s . Depending upon the o v e r a l l technique, doping may 
occur as part of the growth process, or by subsequent d i f f u s i o n or ion 
i m p l a n t a t i o n i n t o the s t r u c t u r e a f t e r growth. MOVPE has the advantage 
th a t a wide v a r i e t y of dopants can be grown i n t o the e p i t a x i a l layers, 
and a wide range of c a r r i e r concentrations obtained. 
For example, semiconductor lasers grown by MOVPE usually 
i n c o r p o r a t e a h i g h l y p-doped capping l a y e r which when met a l l i s e d gives 
a low resistance contact. However, f o r the growth of such s t r u c t u r e s 
by LPE, a h i g h l y doped cap can only be obtained by a post growth zinc 
d i f f u s i o n stage, an e x t r a process i s th e r e f o r e needed w i t h i t s 
consequent e f f e c t upon r e p r o d u c i b i l i t y and y i e l d . 
n-type Dopants 
The elements a v a i l a b l e f o r the n-type doping of I I I - V materials 
are those i n group VI of the p e r i o d i c table (sulphur, selenium, 
t e l l u r i u m ) which are incorporated onto the group V l a t t i c e s i t e s ; and 
those i n group IV ( s i l i c o n , t i n ) which are incorporated onto the group 
I I I metal s i t e s . Carbon i s considered to be both a p and an n-type 
dopant i n GaAs but i n InP i t does not u s u a l l y feature h i g h l y as an 
im p u r i t y . The exact choice of dopant i s dependent upon the doping 
l e v e l r e q u i r e d , i t s d i f f u s i o n c o e f f i c i e n t i n the m a t e r i a l , and i t s 
ease of p y r o l y s i s during MOVPE growth. 
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Silane 
Silane i s a pyrophoric gas when mixed w i t h a i r . I t also forms 
white s i l i c a dust when i n contact w i t h water. I t i s e s s e n t i a l 
t h e r e f o r e , when using t h i s p a r t i c u l a r dopant, to ensure that the 
apparatus i s leak t i g h t and dry. F a i l u r e to do t h i s leads to s i l i c a 
dust c o a t i n g pipework and valves, and even t u a l l y leads to component 
malfunction. For these reasons many workers have preferred to use 
other dopant sources, however s i l i c o n has the advantage of having a 
low d i f f u s i o n c o e f f i c i e n t and the a b i l i t y to grow layers w i t h sharply 
graded doping p r o f i l e s . Although s i l i c o n should be able to be 
incorporated as an acceptor upon the group V l a t t i c e s i t e , there are 
no such r e p o r t s i n the l i t e r a t u r e of any such behaviour i n InP and 
(Galn)As. 
The author has undertaken doping studies of InP and (Galn)As 
using a AOOvpm mixture of s i l a n e i n hydrogen. Figure (5.1) shows the 
l o g ( c a r r i e r c o ncentration) against log(dopant flow r a t e ) curves f o r 
the i n c o r p o r a t i o n of s i l i c o n i n t o InP and (Galn)As. The graph slopes 
are close t o u n i t y w i t h i n experimental e r r o r f o r both materials, and 
agree w i t h data obtained by other workers [93,94,95,96]. The s i l i c o n 
i s incorporated much more e a s i l y i n t o InP than (Galn)As. This i s a 
general trend f o r n-type dopants, (Galn)As behaving i n a s i m i l a r 
manner to GaAs. An electrochemical p r o f i l e of a (Galn)As layer grown 
using d i f f e r e n t f l u x e s of s i l a n e i s shown i n f i g u r e ( 5 . 2 ) , each of the 
d i f f e r e n t doping f l u x e s are c l e a r l y resolved. The f i n a l part of the 
e p i t a x i a l s t r u c t u r e was grown w i t h no s i l a n e present and was f u l l y 
depleted during the electrochemical p r o f i l e r measurement. This 
i n d i c a t e s t h a t a low doping l e v e l was r a p i d l y obtained upon switching 
o f f the dopant flow, and f u r t h e r i l l u s t r a t e s the low d i f f u s i o n l e v e l s 
obtained when using s i l a n e as a dopant. 
The u n i f o r m i t y of doping l e v e l obtained using s i l a n e appears to 
be reasonable, very f l a t doping p r o f i l e s through the m a t e r i a l were 
obtained, and a se r i e s of measurements upon a 2cm square layer of InP 
_3 
doped to n=1.17cm had only a 7% v a r i a t i o n i n doping l e v e l . The 
v a r i a t i o n that does occur may be due to f l u c t u a t i o n s i n susceptor 
temperature. 
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Figure (5.3) shows an electrochemical p r o f i l e through an InP 
e p i t a x i a l l a y e r grown w i t h a constant f l u x of s i l a n e f l o w i n g , and wi t h 
the growth temperature va r y i n g i n four steps from 600°C to 750°C. The 
doping l e v e l increases markedly w i t h temperature and f u r t h e r , the 
growth r a t e at 750°C has diminished to h a l f that at the normal growth 
temperature of 650''C. A strong feature of t h i s p r o f i l e i s the sharply 
defined steps i n doping l e v e l , again i n d i c a t i n g a low l e v e l of s i l i c o n 
d i f f u s i o n d u r i n g subsequent growth. 
The doping behaviour has also been i n v e s t i g a t e d as a f u n c t i o n of 
growth r a t e . Figure (5.4) shows an electrochemical p r o f i l e through an 
e p i t a x i a l l a y e r of InP where the s i l a n e f l u x was kept constant, and 
the t r i m e t h y l i n d i u m f l u x stepped to change the growth r a t e . The doping 
behaviour was found to be i n v e r s e l y p r o p o r t i o n a l to the growth r a t e . 
F i n a l l y the e f f e c t of var y i n g the V / I I I r a t i o was in v e s t i g a t e d . A 
change of V / I I I r a t i o of x4 produced a doping l e v e l change of only 
40%. The growth of InP at low V / I I I r a t i o s tended to y i e l d poor 
q u a l i t y m a t e r i a l due to phosphorus l o s s , and i t i s not clear to what 
extent t h i s a f f e c t e d the doping l e v e l s i n the m a t e r i a l . Clawson [96] 
found that the doping l e v e l obtained when using s i l a n e i n InP i s 
independent of the V / I I I r a t i o . The above experiments indicated that 
many of the s i l i c o n atoms reaching the growth i n t e r f a c e were 
incorporated i n t o the e p i t a x i a l l a y e r . The r a t e l i m i t i n g step i n the 
doping of InP using s i l a n e appeared to be the p y r o l y s i s of the s i l a n e . 
The i n c o r p o r a t i o n of s i l i c o n can therefore be described by the 
equation: 
n = C.F^ .V/III~°.GR"^.e"V^\ (5.1) 
where: n = donor concentration i n the e p i t a x i a l layer, 
C = constant, 
F = flow r a t e of s i l a n e 
V / I I I = V / I I I gas phase r a t i o , 
GR = growth r a t e , 
E = a c t i v a t i o n energy, 
k = Boltzman's constant, 
T = growth temperature (K). 
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The equation i s of the same form as that derived f o r the 
background i m p u r i t y doping of InP i n chapter ( 3 ) . I n t h i s case, the 
value of E i s 1.8-2.2eV, depending upon whether the r e s u l t s from the 
electrochemical p r o f i l e s are corrected f o r the observed v a r i a t i o n s i n 
growth r a t e . This compares w i t h an a c t i v a t i o n energy of 2.2eV f o r 
s i l i c o n background doping of InP determined i n chapter ( 3 ) . 
P i s i l a n e 
As a r e s u l t of the temperature s e n s i t i v i t y of doping using 
s i l a n e , Kuech et a l proposed the use of d i s i l a n e , Si2Hg, as a s i l i c o n 
source [ 9 7 ] . This gas has a lower p y r o l y s i s temperature than s i l a n e , 
and Kuech obtained temperature i n v a r i a n t doping of GaAs and (GaAl)As. 
Woelk et a l however, d i d not f i n d temperature i n v a r i a n t behaviour when 
doping InP using d i s i l a n e , and obtained an a c t i v a t i o n energy of 1.2 
+0.4eV [ 9 8 ] . A l l of the above workers found the growth rate dependence 
using d i s i l a n e to be s i m i l a r to s i l a n e , and the dependence of doping 
l e v e l upon d i s i l a n e f l u x f o r GaAs was found to be l i n e a r . However f o r 
the doping of InP and (Galn)As a l o g ( n ) - l o g ( f l o w ) slope of 0.75 and 
1 were found r e s p e c t i v e l y [ 9 8 ] . I t i s th e r e f o r e not c l e a r whether 
d i s i l a n e o f f e r s any advantages over s i l a n e f o r the doping of InP and 
i t s a l l o y s . 
Hydrogen selenide 
There i s l i t t l e i n the l i t e r a t u r e regarding the doping of InP 
using hydrogen selenide. Kawabata et a l have reported i t s use i n low 
pressure MOVPE and found high doping e f f i c i e n c i e s i n InP w i t h respect 
to s i l a n e [ 9 9 ] . The author has used a nominally 50vpm concentration of 
the gas i n hydrogen to dope InP. An electrochemical p r o f i l e through a 
l a y e r where the dopant f l u x was v a r i e d i s shown i n f i g u r e ( 5 . 5 ) . Very 
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h i g h concentrations (n > 10 cm ) , were obtained. I t i s not clear i n 
r e t r o s p e c t whether t h i s unexpected r e s u l t was due to the gas company 
supplying the wrong gas concentration, or i f the relevant mass flow 
c o n t r o l l e r was f a u l t y . The presence of s t r u c t u r e i n the 
ele c t r o c h e m i c a l p r o f i l e at such high doping l e v e l s , may i n d i c a t e that 
hydrogen selenide, when used c o r r e c t l y , may be a s u i t a b l e dopant f o r 
InP. 
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There are some opinions t h a t the gas e x h i b i t s a memory e f f e c t and 
can cause unwanted doping a f t e r use. This problem may be eliminated 
w i t h the modern use of vent run switching manifolds which have low 
surface areas onto which the gas can adsorb. 
Hydrogen sulphide 
Hydrogen sulphide i s another commonly used MOVPE n-dopant, though 
l i t t l e i s published i n the l i t e r a t u r e . Spier et a l have reported that 
a 10% mixture of hydrogen sulphide i n hydrogen gave s a t i s f a c t o r y 
doping of InP, when a growth temperature of 650''C was used [100]. 
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Extremely low flow rates were used (< 1 cm min ) , and more accurate 
c o n t r o l may be obtained w i t h the use of a more d i l u t e gas mixture. The 
doping l e v e l was found to decrease w i t h growth temperature due to the 
v o l a t i l i t y of sulphur. 
Nelson et a l have reported hydrogen sulphide doping w i t h donor 
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concentrations of n=1.10 -1.10 cm [101]. A l i n e a r r e l a t i o n s h i p f o r 
the i n c o r p o r a t i o n of sulphur as a f u n c t i o n of hydrogen sulphide flow 
was found. 
D i e t h y l t e l l u r i d e 
D i e t h y l t e l l u r i d e has been used f o r the n-type doping of InP 
[94,96], and f o r the doping of Ga^ ^ I n ^ ^P [ 9 5 ] . The r e s u l t s from 
these workers are c o n t r a d i c t o r y f o r the doping of InP, Hsu et a l 
i n d i c a t i n g s u p e r - l i n e a r doping dependence upon dopant flow ra t e [ 9 4 ] , 
and Clawson i n d i c a t i n g a l i n e a r dependence [ 9 6 ] . I n t e r e s t i n g l y Clawson 
has also reported t h a t the i n c o r p o r a t i o n of t e l l u r i u m increases w i t h 
growth temperature, and i s i n v e r s e l y p r o p o r t i o n a l to both the growth 
r a t e of InP and the phosphine flow r a t e . I t appears from these r e s u l t s 
t h a t the i n c o r p o r a t i o n mechanism may r e l a t e to the number of 
phosphorus vacancies a v a i l a b l e . 
T e t r a e t h y l l e a d 
T e t r a e t h y l l e a d - Pb(C2H^)^ has been used as an n-type dopant 
f o r DX centre i n v e s t i g a t i o n s of (AlGa)As [102]. 
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p-type Dopants 
p-type doping of InP i s u s u a l l y achieved using the group l i b 
elements zinc or cadmium. The group I l a elements magnesium and 
b e r y l l i u m , and also manganese have been used, though not extensively. 
B e r y l l i u m and i t s compounds are h i g h l y t o x i c and so are u n l i k e l y to 
become widely used. I n each case, s u b s t i t u t i o n of a group I I I l a t t i c e 
atom takes place to give an acceptor. 
Dimethylzinc and d i e t h y l z i n c 
Zinc i s the most commonly used MOVPE p-type dopant. E i t h e r 
d i m e thylzinc or d i e t h y l z i n c are normally used, the a l k y l group being 
chosen to match the other metal sources being used. Dimethylzinc has 
the higher vapour pressure, and i s normally obtained as a high 
pressure vapour mixture i n hydrogen. D i e t h y l z i n c i s u s u a l l y used i n a 
conventional bubbler arrangement. The few workers that have compared 
both zinc a l k y l s , have reported s i m i l a r i n c o r p o r a t i o n data f o r the two 
sources. Zinc has many undesirable features as a p-type dopant, 
notably i t s high d i f f u s i o n c o e f f i c i e n t i n InP, however no other 
element has yet been proved to be as v e r s a t i l e . 
The author has used dimethylzinc e x c l u s i v e l y . A low pressure 
mixture of the a l k y l i n hydrogen was prepared by subliming vapour from 
a cooled, s o l i d source i n t o an evacuated c y l i n d e r , which was 
subsequently b a c k - f i l l e d w i t h p u r i f i e d hydrogen. Since vapour pressure 
data upon s o l i d dimethylzinc was unavailable, the concentration of the 
mixture was estimated to be 750vpm by comparison w i t h a commercially 
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prepared mixture. Mass flow rates from 1 to 100cm min were used. Due 
to the importance of hole concentrations to device performance, i t was 
decided to study p-type doping of InP i n depth. Unfortunately, i t was 
soon r e a l i s e d t h a t the stepped doping s t r u c t u r e s s u c c e s s f u l l y used to 
speed the study of s i l a n e doping of InP, could not be used w i t h 
dimethylzinc due to the high d i f f u s i o n c o e f f i c i e n t of zinc causing 
smearing of the p r o f i l e s . Some attempts were made to prevent zinc 
d i f f u s i n g by the use of b u f f e r layers of undoped InP, s i l i c o n doped 
InP or (Galn)As. However t h i s approach was u n r e l i a b l e due to 
d i f f i c u l t i e s encountered w i t h the electrochemical p r o f i l i n g of 
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m u l t i p l e p-n s t r u c t u r e s . I t was therefore necessary to grow many 
i n d i v i d u a l l ayers of p-type InP which were subsequently assessed by 
electrochemical p r o f i l i n g and by H a l l measurements. A l l of the 
e p i t a x i a l l a y e r s were cooled to ~100°C under an atmosphere of 
hydrogen, phosphine and dimethylzinc. 
Figure (5.6) i l l u s t r a t e s the v a r i a t i o n of hole concentration as a 
f u n c t i o n of normalised dimethylzinc flow i n t o the reactor, a l l other 
growth c o n d i t i o n s remaining constant. Saturation can be seen to occur 
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at p=10 cm f o r growth at 650°C. This value i s lower than expected 
f o r InP, and i s probably due to the hole concentrations sloping 
convexly downwards from the substrate i n t e r f a c e to the surface. The 
H a l l measurements w i l l have averaged the o v e r a l l hole concentration, 
and the electrochemical p r o f i l e values were taken from the middle of 
the p l o t s . The reason f o r the surface drop i n hole concentration 
remained unknown f o r several years, but i s explained i n a l a t e r 
s e c t i o n . 
The grad i e n t of the unsaturated l o g ( h o l e concentration) -
log(dopant f l u x ) curve of f i g u r e (5.6) i s 0.5. This i n d i c a t e s that the 
1/2 
hole concentration « dopant f l u x . This data agrees w i t h the early 
data of Nelson et a l who were also able to confirm t h a t the atomic 
1/2 
zinc l e v e l as assessed by SIMS, was r e l a t e d to the dopant f l u x 
[ 1 0 3 ] . A s i m i l a r r e l a t i o n s h i p was found by Rose et a l [104]. However 
Hsu et a l noted a supe r - l i n e a r dependence of hole concentration upon 
dopant f l u x [ 9 4 ] . 
More r e c e n t l y the author has noted that the r e l a t i o n s h i p has 
changed to a l i n e a r one f o l l o w i n g major reactor m o d i f i c a t i o n s . 
Attempts to f i n d the reason f o r t h i s have been unsuccessful, however a 
s i m i l a r change has been noted by other workers and i s not understood. 
Figure (5.7) shows the hole m o b i l i t y as a f u n c t i o n of hole 
concentration f o r the above samples. The r e s u l t s compare w e l l w i t h the 
data compiled by Wiley [1 0 5 ] , except at low doping l e v e l s where the 
lay e r s were compensated. This was due to the n-type background doping 
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l e v e l i n these e a r l y e p i t a x i a l l ayers being > 10 cm as a r e s u l t 
of the q u a l i t y of the t r i m e t h y l i n d i u m then a v a i l a b l e . 
A f u r t h e r s e r i e s of zinc doped layers was grown to evaluate the 
e f f e c t of growth r a t e upon dopant i n c o r p o r a t i o n . Figure (5.8) 
-71-
i n d i c a t e s t h a t the hole concentration as measured by H a l l and 
electrochemical p r o f i l e r , was i n v a r i a n t w i t h growth r a t e change. 
However the growth r a t e was a l t e r e d by varying the trime t h y l i n d i u m 
f l u x and t h e r e f o r e the V / I I I r a t i o w i l l also have vari e d . This r e s u l t 
i n d i c a t e s that the i n c o r p o r a t i o n mechanism f o r zinc i n t o InP i s 
d i f f e r e n t from t h a t of s i l i c o n . 
There have been suggestions that the presence of zinc during the 
growth of InP layers increases the growth r a t e , though no data on t h i s 
e f f e c t has been published. Figure (5.9) shows a p l o t of growth rate 
f o r samples grown w i t h d i f f e r e n t amounts of dimethylzinc f l u x . No 
trend can be observed, and i t i s concluded that the growth rate i s not 
in f l u e n c e d by the presence of the dopant. 
Figure (5.10) shows the r e l a t i o n s h i p between the log(hole 
c o n c e n t r a t i o n ) and r e c i p r o c a l growth temperature, a l l other growth 
c o n d i t i o n s remaining constant. A l i n e a r f i t and an a c t i v a t i o n energy 
of -1.55eV was obtained. The lower l e v e l s of zinc incorporated at high 
temperatures i n d i c a t e that the zinc r e a d i l y evaporates from the 
surface. I t i s concluded t h a t the m a j o r i t y of the dimethylzinc 
reaching the hot zone above the susceptor i s cracked, and the l i m i t i n g 
f a c t o r c o n t r o l l i n g doping l e v e l s , i s the vapour pressure of zinc 
needed to maintain e q u i l i b r i u m over the growing surface. The growth 
r a t e was found to be a f a c t o r of two lower f o r growth at 750°C 
compared to that at 650°C. Since the growth r a t e d i d not appear to 
i n f l u e n c e the doping l e v e l , t h i s e f f e c t could be ignored when 
determining the a c t i v a t i o n energy. 
Dimethylcadmium 
The high d i f f u s i o n c o e f f i c i e n t of zinc i n InP has led to studies 
of other p-type dopants w i t h lower d i f f u s i o n c o e f f i c i e n t s , the most 
promising of which i s cadmium. Nelson et a l , Blaauw et a l , and Spier 
et a l have a l l reported cadmium doping of InP using dimethylcadmium 
[100,103,106]. C o n t r o l l a b l e doping was achieved i n the range p=10'^^-
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10 cm , and a l i n e a r r e l a t i o n s h i p between dimethylcadmium f l u x and 
hole concentration was reported [103,106]. When used at low pressures, 
the dopant flow had to be increased i n p r o p o r t i o n to the change i n 
pressure, and the hole concentration was found to decrease w i t h growth 
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temperature [ 1 0 6 ] . This i n d i c a t e d t h a t cadmium i s a v o l a t i l e dopant i n 
the same manner as zinc . However, f o r high doping l e v e l s and f o r use 
at low pressure, degradation of surface morphology occurred. Blaauw 
has i n d i c a t e d that CdP p a r t i c l e formation may have taken place, and 
examination of the data shows that a 5:1 cadmium : indium mole 
f r a c t i o n r a t i o was necessary f o r the high doping l e v e l s . This data 
i n f e r s that w h i l s t cadmium may be of use as a dopant at low l e v e l s , at 
higher doping l e v e l s zinc remains p r e f e r a b l e . 
Magnesium doping 
Magnesium has been considered as a possible p-type dopant. Both 
Blaauw et a l and Nelson et a l have reported a super-linear dependence 
of hole concentration upon the flow r a t e of 
bis ( m e t h y l c y c l o p e n t a d i e n y l ) magnesium - MCp2Mg, and 
(bis)cyclopentadienylmagnesium - Cp„Mg r e s p e c t i v e l y [103,107]. Blaauw 
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also found t h a t at high doping l e v e l s , >10 cm , the magnesium became 
e l e c t r i c a l l y i n a c t i v e . Further, the magnesium was seen to d i f f u s e up 
to 40ym deep i n t o i r o n doped substrates. These f a c t o r s i n d i c a t e the 
u n s u i t a b i l i t y of magnesium as a p-type dopant f o r InP. 
Manganese doping 
Manganese doping of InP was reported by Huang et a l , using 
t r i c a r b o n y l ( m e t h y l cyclopentadienyl)manganese - (C0)3CH„CcH,Mn 
[1 0 8 ] . Doping l e v e l s of p=7.10 -2.10 cm" were achieved f o r 
growth at 600°C, and a l i n e a r r e l a t i o n s h i p between hole concentration 
and doping f l u x found. However a high i o n i s a t i o n energy was reported, 
w i t h the manganese g i v i n g r i s e to a deep acceptor l e v e l , w i t h only 25% 
of the atoms being e l e c t r i c a l l y a c t i v e . Spier et a l have reported very 
sharp doping p r o f i l e s using manganese [100]. 
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Hydrogen p a s s i v a t i o n of acceptors i n p-type InP 
During the course of doping and device studies using zinc doped 
I I I - V compounds, i t was found t h a t atomic hydrogen could cause 
pa s s i v a t i o n of acceptors i n InP, and t h i s r e s u l t e d i n a reduced 
e l e c t r i c a l a c t i v i t y of the l a y e r s . These phenomena are described i n 
more d e t a i l i n the f o l l o w i n g sections. 
Hydrogen I n c o r p o r a t i o n i n p-InP/p+(GaIn)As Structures 
An e s s e n t i a l step i n the f a b r i c a t i o n of semiconductor laser 
s t r u c t u r e s i s the p r o v i s i o n of a p-passive InP layer followed by a 
c o n t a c t i n g l a y e r . The l a t t e r i s necessary because i t i s d i f f i c u l t to 
form a low resistance metal contact to p-type InP. LPE grown 
s t r u c t u r e s normally use a quaternary a l l o y contact layer that i s 
subsequently doped h i g h l y p-type during a zinc d i f f u s i o n stage p r i o r 
to m e t a l l i s a t i o n . This d i f f u s i o n step can be eliminated when growing 
s t r u c t u r e s by MOVPE since (Galn)As can be doped p-type w i t h hole 
20 -3 19 -3 concentrations as high as 10 cm . M a t e r i a l doped above p=10 cm 
can be used to form e x c e l l e n t low resistance contacts f o l l o w i n g 
m e t a l l i s a t i o n . 
The zinc doping of InP and (Galn)As has been previously described 
( f i g u r e 5.6), and these doping l e v e l c a l i b r a t i o n s were used to grow 
h e t e r o s t r u c t u r e s c o n s i s t i n g of 2ym t h i c k zinc doped InP layers 
followed by 0.2ym t h i c k h i g h l y zinc doped (Galn)As layers ( f i g u r e 
5.11). Whilst the doping of the ternary l a y e r was s a t i s f a c t o r y , the 
hole concentration i n the p-InP layer was found to be markedly lower 
i n the h e t e r o s t r u c t u r e when compared to the l e v e l expected from the 
doping c a l i b r a t i o n obtained upon simple p-InP l a y e r s ; conditions of 
growth r a t e , temperature and doping f l u x being i d e n t i c a l . This r e s u l t 
i s i l l u s t r a t e d i n the electrochemical p r o f i l e of f i g u r e (5.12). Early 
suspicions that the electrochemical p r o f i l e r was g i v i n g erroneous 
r e s u l t s due to the presence of the p''"(GaIn)As l a y e r , were d i s p e l l e d by 
re-measuring the samples once the (Galn)As la y e r had been removed 
using n i t r i c a c i d . The r e s u l t s were f u r t h e r confirmed by making H a l l 
measurements upon the combined s t r u c t u r e s , and w i t h the (Galn)As 
removed. An unusual e f f e c t had t h e r e f o r e been uncovered - the 
disappearance of zinc dopant i n InP, caused by the a d d i t i o n of a 
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p'''(GaIn)As l a y e r . 
Zinc was known to have a high d i f f u s i o n r a t e i n p-type materials, 
d i f f u s i n g by the s u b s t i t u t i o n a l - i n t e r s t i t i a l d i f f u s i o n mechanism 
[109 ] . For a wh i l e i t was considered that the zinc was moving out of 
the InP l a y e r and i n t o the (Galn)As layer during the growth of the 
l a t t e r . However t h i s mechanism was thought to be u n l i k e l y due to the 
concentration gradient of zinc between the two layers being i n the 
opposite d i r e c t i o n to t h i s movement. SIMS analysis upon these layers 
revealed that the zinc concentration i n the p-InP parts of the 
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he t e r o s t r u c t u r e s was around 10 cm , t h i s value being s l i g h t l y 
higher than that expected from the c a l i b r a t i o n experiments. I t was 
th e r e f o r e concluded that o u t - d i f f u s i o n of the zinc had not occurred, 
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but instead that the hole concentration had f a l l e n to the 1-3.10 cm 
l e v e l , due to reduced e l e c t r i c a l a c t i v i t y of the zinc i n the InP. The 
SIMS l e v e l s were c a r e f u l l y compared against zinc implanted p-InP 
standards. 
Reduced e l e c t r i c a l a c t i v i t y of the m a t e r i a l could e i t h e r have been 
caused by compensation of the acceptors w i t h a donor species, or by 
the zinc atoms r e s i d i n g upon l a t t i c e s i t e s other than indium s i t e s . I t 
was thought t h a t i n t e r s t i t i a l zinc could act as a donor and 
a d d i t i o n a l l y cause compensation [110]. The presence of known donor 
species such as s i l i c o n and sulphur which could cause compensation was 
el i m i n a t e d by f u r t h e r SIMS an a l y s i s . I t was decided that the zinc was 
somehow the cause of the compensation, and that r e d i s t r i b u t i o n of the 
zinc i n the l a t t i c e might be achieved by annealing the layers a f t e r 
growth. 
Heterostructures were thermal pulse annealed at 800°C f o r 5s, a 
s i l i c o n n i t r i d e cap was used to prevent phosphorus loss from the 
surface of the m a t e r i a l . Figure (5.13) shows an electrochemical 
p r o f i l e of such an annealed sample, and in d i c a t e s that the e l e c t r i c a l 
a c t i v i t y of the zinc doped InP layer had recovered to the same l e v e l 
as that obtained during the SIMS an a l y s i s , and to a s l i g h t l y higher 
l e v e l than expected from the c a l i b r a t i o n experiments. I t therefore 
became cle a r that the zinc was e i t h e r being displaced w i t h i n the InP 
la y e r d u r i n g the growth of the (Galn)As cap l a y e r , and that the 
m a t e r i a l was being reordered during the anneal stage, or that some 
unknown donor was being incorporated during the growth process and 
expelled during the anneal stage. The former was thought less l i k e l y 
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since devices f a b r i c a t e d from t h i s m a t e r i a l worked w e l l , w i t h 
e x c e l l e n t r e l i a b i l i t y , implying that no s i g n i f i c a n t c r y s t a l 
i mperfections e x i s t e d w i t h i n the InP. 
A search f o r possible compensating donors which had not 
pr e v i o u s l y been considered, gave r i s e to the suggestion by A n t e l l at 
STL of attempting to observe hydrogen i n the form of protons i n the 
e p i t a x i a l l a y e r s . SIMS analysis of samples using caesium i on 
s p u t t e r i n g , revealed the presence of atomic hydrogen at l e v e l s j u s t 
above the background count. The atomic hydrogen was found only i n the 
p-InP l a y e r , and the concentrations observed c o r r e l a t e d w e l l w i t h the 
number of donors required to compensate the zinc [110]. The presence 
of atomic hydrogen was f u r t h e r proven by the growth of a series of 
e p i t a x i a l l ayers c o n s i s t i n g of p-InP, n-InP, p-InP, p'''(GaIn)As layers, 
the s t r u c t u r e s f i n a l l y being cooled under ar s i n e . The electrochemical 
p r o f i l e of t h i s s t r u c t u r e i s shown i n f i g u r e (5.14), and the doping 
l e v e l of the InP close to the surface i s markedly lower than that of 
the InP next to the substrate. The SIMS p r o f i l e of the layer ( f i g u r e 
5.15), i n d i c a t e d t h a t the zinc l e v e l s i n the two layers were 
i d e n t i c a l , and the hydrogen l e v e l s i n the two InP layers complemented 
the doping l e v e l observed i n the electrochemical p r o f i l e . I n each 
case, the amount of hydrogen detected was only s l i g h t l y above the 
background l e v e l of the SIMS apparatus, however s u f f i c i e n t data was 
amassed to confirm the conclusion that atomic hydrogen was responsible 
f o r the drop i n doping l e v e l i n the s t r u c t u r e s . Other workers have 
subsequently observed s i m i l a r e f f e c t s [111,112,113]. 
Further experiments were undertaken to understand the behaviour 
of the atomic hydrogen i n InP. Figure (5.16) shows electrochemical 
p r o f i l e s through two s t r u c t u r e s . The f i r s t consisted of p-InP, 
p''"(GaIn)As cooled under a r s i n e , and the other of p-InP, p"'"(GaIn)As, 
n-(GaIn)As cooled under ar s i n e . I n the l a t t e r sample the presence of 
the n-type l a y e r on the surface, eliminated the d e a c t i v a t i o n e f f e c t . 
This i n f e r r e d t h a t atomic hydrogen could not d i f f u s e through n-type 
m a t e r i a l , and that most of the atomic hydrogen was produced and 
adsorbed i n t o the s t r u c t u r e s during cooling under arsine a f t e r growth. 
Figure (5.17) shows electrochemical p r o f i l e s of a series of 
pieces of m a t e r i a l from the same e p i t a x i a l s l i c e , which were thermal 
pulse annealed at d i f f e r e n t temperatures. The e l e c t r i c a l a c t i v i t y of 
the l a y e r s was p r o g r e s s i v e l y recovered by incr e a s i n g the annealing 
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temperature or the annealing time. I t was observed that temperatures 
of above 400°C were s u f f i c i e n t to cause the atomic hydrogen to be 
mobile i n the l a y e r s , and to be completely d r i v e n out to give 
a c t i v a t e d m a t e r i a l . I t was f u r t h e r shown that m a t e r i a l which was 
a c t i v a t e d could be deactivated by heating to 650°C i n the MOVPE 
rea c t o r , followed by c o o l i n g under an ambient arsine and hydrogen 
atmosphere. Conversely, samples which were deactivated could be 
returned t o high doping l e v e l s i f heated to 650°C and cooled under 
phosphine and hydrogen. This gave f u r t h e r evidence f o r the source of 
the atomic hydrogen being the p y r o l y s i s of arsine during post growth 
c o o l i n g , and t h a t the hydrogen could be d r i v e n i n and out of the 
m a t e r i a l according to the surface concentration of atomic hydrogen. 
I t i s u s e f u l to summarise the f i n d i n g s upon these phenomena. I t 
appears that during the p y r o l y s i s of arsin e , atomic hydrogen i s 
produced which i s incorporated i n t o e p i t a x i a l layers w h i l s t a t , or 
close to the growth temperature. Upon co o l i n g , the arsine p y r o l y s i s 
must e v e n t u a l l y cease, however p r i o r to t h i s o ccurring, the atomic 
hydrogen i n the e p i t a x i a l l ayers becomes immobile, and w i t h i n p-InP, 
acts to reduce the e l e c t r i c a l a c t i v i t y of the m a t e r i a l . Movement of 
atomic hydrogen also appears to be blocked by n-type m a t e r i a l , 
i n f e r r i n g t h a t atomic hydrogen i s only soluble i n p-type m a t e r i a l . 
This i s f u r t h e r s u b s t a n t i a t e d by the f a c t that attempts to implant 
n-InP w i t h protons r e s u l t e d i n no detectable hydrogen being observed. 
The a b i l i t y to r e a c t i v a t e samples by heating above 400°C, no hydrogen 
subsequently being found by SIMS an a l y s i s , i n d i c a t e s the atomic 
hydrogen i s mobile and can be expelled from p-type m a t e r i a l i n the 
absence of a high concentration of hydrogen. There appears to be no 
evidence of atomic hydrogen i n c o r p o r a t i o n i n (Galn)As layers. 
Many of these observations are consistent w i t h the behaviour of 
atomic hydrogen i n s i l i c o n [114], and i t i s i n t e r e s t i n g to note that 
hydrogen can also be introduced i n t o p-InP by exposure to a 
methane-hydrogen plasma such as that used i n dry etching processes 
[1 1 5 ] . 
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Hydrogen I n c o r p o r a t i o n i n t o p-InP Layers 
The experiments d e t a i l e d above, were extended to s i n g l e e p i t a x i a l 
l a y e r s of p-InP. Early work using dimethylzinc included cooling the 
e p i t a x i a l l a y e r a f t e r growth under a phosphine-hydrogen-dimethylzinc 
gas mixture. This was done to maintain an over-pressure of zinc, since 
i t was known t h a t zinc could e a s i l y be l o s t from the m a t e r i a l due to 
i t s high vapour pressure. I t was found that electrochemical p r o f i l e s 
of the p-InP layers displayed a reduction i n hole concentration at the 
surface of the m a t e r i a l . This reduction and the consequent concave 
p r o f i l e , was not found i n p-InP cooled under a phosphine-hydrogen 
mixture. I t was postulated t h a t atomic hydrogen was again responsible 
f o r d e - a c t i v a t i o n of the p-InP, w i t h the hydrogen source being e i t h e r 
the phosphine or the dimethylzinc. 
Figure (5.18) shows electrochemical p r o f i l e s through three p-InP 
l a y e r s . Two of the curves are as described above f o r p-InP cooled 
under phosphine-hydrogen and phosphine-hydrogen-dimethylzinc mixtures. 
The t h i r d p r o f i l e i s through a p-InP layer that was cooled under a 
phosphine-hydrogen-dimethylzinc mixture to 600°C, and then to room 
temperature under a dimethylzinc-hydrogen mixture. Each layer had been 
grown using i d e n t i c a l phosphine, t r i m e t h y l i n d i u m and dimethylzinc flow 
r a t e s . I t was necessary to cool the InP t o 600°C before switching out 
the phosphine flow to avoid d e t e r i o r a t i o n of the surface due to 
phosphorus l o s s . I t was reasoned that atomic hydrogen present i n the 
m a t e r i a l would s t i l l be mobile between 600"'C and 500°C. The 
electrochemical p r o f i l e of t h i s l a s t layer i n d i c a t e d that no 
d e a c t i v a t i o n of the z i n c had occurred, and t h a t the hole concentration 
was higher than that of the sample cooled under the normally used 
phosphine-hydrogen atmosphere. I t was therefore concluded that atomic 
hydrogen was being produced from phosphine i n the same manner as from 
a r s i n e , but to a lesser extent due to the higher thermal s t a b i l i t y of 
phosphine. Moreover, i t appeared that dimethylzinc was able to enhance 
the production of atomic hydrogen from the phosphine. 
I t was necessary to confirm t h a t atomic hydrogen was responsible 
f o r the d e a c t i v a t i o n of the p-InP. A f i r s t step i n t h i s d i r e c t i o n was 
to subject samples to thermal pulse annealing, and observe i f s i m i l a r 
behaviour occurred, compared w i t h t h a t e x h i b i t e d i n p+(GaIn)As/pInP 
h e t e r o s t r u c t u r e s . Each of the three layers described above were 
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thermal pulse annealed at 800°C f o r 5s. Figure (5.19) shows the 
r e s u l t s of t h i s experiment, w i t h the electrochemical p r o f i l e s through 
the three l a y e r s i n d i c a t i n g near i d e n t i c a l hole concentrations deep 
w i t h i n the s t r u c t u r e s . The sample cooled under a gas mixture of 
phosphine-hydrogen-dimethylzinc to room temperature, e x h i b i t e d an 
increased hole concentration close to the surface. This implies that 
f u r t h e r zinc i n - d i f f u s e d i n t o the s t r u c t u r e during the cooling period. 
However, i n d i f f u s i o n of zinc d i d not take place i n t o the sample cooled 
under a dimethylzinc-hydrogen mixture, i n d i c a t i n g that f r e e zinc atoms 
were not a v a i l a b l e at the surface of the e p i t a x i a l l a y e r . 
SIMS measurements were undertaken upon the layers to confirm the 
presence of hydrogen i n the samples. A decreasing trend i n the amount 
of hydrogen i n the three layers was observed i n order of the samples 
cooled under: phosphine-hydrogen-dimethylzinc, phosphine-hydrogen and 
hydrogen-dimethylzinc. However the background concentration of 
hydrogen i n the apparatus c o n t r i b u t e d s u f f i c i e n t noise to the 
measurements to make them u n r e l i a b l e . 
A f u r t h e r sample was therefore grown c o n s i s t i n g of p-n-p InP 
l a y e r s using dimethylzinc and s i l a n e as p and n dopants, which was 
cooled under a gas mixture of phosphine-dimethylzinc and hydrogen. An 
electrochemical p r o f i l e of t h i s layer i s shown i n f i g u r e (5.20), and 
i t can be seen t h a t the surface l a y e r of p-InP e x h i b i t s a drop i n hole 
c o n c e n t r a t i o n , w i t h the maximum l e v e l being lower than that i n the 
inner p-InP l a y e r . This s t r u c t u r e was then analysed by SIMS ( f i g u r e 
5.21), and the presence of hydrogen confirmed. The zinc l e v e l s i n the 
two p-InP layers were found to be nearly i d e n t i c a l , w i t h a s l i g h t l y 
higher l e v e l close to the surface of the s t r u c t u r e , probably due to 
i n d i f f u s i o n of zinc during c o o l i n g . Deuterium implants of p-InP 
provided SIMS c a l i b r a t i o n of the hydrogen l e v e l s . The above 
experiments i n d i c a t e d that phosphine could provide atomic hydrogen i n 
a s i m i l a r manner to arsine i n MOVPE. 
Relevance of Hydrogen I n c o r p o r a t i o n to Reaction Mechanism 
The above r e s u l t s are also important to o b t a i n i n g a more complete 
understanding of the r e a c t i o n mechanism of MOVPE. 
The presence of the dimethylzinc and phosphine together when 
c o o l i n g p-InP caused increased amounts of hydrogen to be incorporated 
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compared w i t h c o o l i n g under phosphine alone. There was also an 
i n d i c a t i o n that the dimethylzinc was able to provide more atomic zinc 
d u r i n g c o o l i n g i f phosphine was also present, compared w i t h no 
phosphine being a v a i l a b l e . I t i s therefore concluded that the presence 
of phosphine and dimethylzinc together causes enhanced p y r o l y s i s of 
each of the reactants. This behaviour may be reasonably extended to 
other phosphine-metal-organic compound combinations, such as 
phosphine-trimethylindium. Further, f o r the atomic hydrogen to be 
adsorbed onto the e p i t a x i a l l a y e r , the reactions must take place upon 
or very close to the c r y s t a l surface since hydrogen i s h i g h l y r e a c t i v e 
i n i t s monatomic form, r e a d i l y combining w i t h i t s e l f to form hydrogen 
(H2), or w i t h a l k y l r a d i c a l s to form alkanes. 
As i n d i c a t e d i n the chapter upon MOVPE chemistry, i t i s concluded 
t h a t the MOVPE process involves reactions of the a l k y l s and hydrides 
together upon the e p i t a x i a l surface, and not i n the gas phase. 
Bonding Mechanism f o r Hydrogen i n p-InP 
I t i s i n t e r e s t i n g to consider the manner i n which the hydrogen 
passivates the p-InP l a y e r s . For the acceptor concentration introduced 
by the zinc to decrease, the hydrogen must donate electrons to the 
l a t t i c e . The region around a zinc atom that i s s u b s t i t u t e d onto an 
indium l a t t i c e s i t e , i s surrounded by the d e - l o c a l i s e d negative charge 
caused by acceptance of an e l e c t r o n from the l a t t i c e to l o c a l l y 
s a t i s f y the bonding requirements of the I I I - V c r y s t a l s t r u c t u r e . I t i s 
postulated that the p o s i t i v e l y charged protons are a t t r a c t e d to the 
n e g a t i v e l y charged area, and a f u r t h e r bond i s developed, trapping the 
protons i n the l a t t i c e at low temperatures. 
Pajot et a l have undertaken i n f r a - r e d absorption spectroscopy and 
i d e n t i f i e d the p o s i t i o n of the proton as being between the zinc atom 
and a phosphorus atom [116]. 
The l a t t i c e i s then s l i g h t l y relaxed compared w i t h the d i s t o r t i o n 
introduced o r i g i n a l l y by the zinc atom. Since the negative charge on 
the zinc atom has been cancelled by the presence of the proton, the 
amount of ionised i m p u r i t y s c a t t e r i n g should be reduced, and so the 
sample i s s a i d to be passivated r a t h e r than compensated. 
The hydrogen-arsenic bond i s weaker than the hydrogen-phosphorus 
bond. For p-type GaAs or (Galn)As, the lack of observed passivation by 
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atomic hydrogen can be explained by the protons s t i l l being mobile 
when w i t h decreasing temperature, the p y r o l y s i s of the arsine has 
ceased to provide an over-pressure of atomic hydrogen to the e p i t a x i a l 
s l i c e . 
Rare Earth Element Doping 
Doping of e p i t a x i a l l ayers using rare earth elements has r e c e n t l y 
been proposed. Uwai et a l reported the use of y t t e r b i u m doping of 
MOVPE grown InP [117]. The inner e l e c t r o n t r a n s i t i o n s w i t h i n the rare 
e a r t h elements are used to r a d i a t e l i g h t at s i n g l e frequencies. The 
inner e l e c t r o n energies are r e l a t i v e l y unaffected by the presence of 
the atom i n the bulk c r y s t a l f i e l d . I n the case of yt t e r b i u m , i n t r a 4f 
e l e c t r o n s h e l l t r a n s i t i o n s r a d i a t e l i g h t at ~1.5ym, s u i t a b l e f o r 
o p t i c a l communication a p p l i c a t i o n s . Uwai used t r i s - c y c l o p e n t a d i e n y l 
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y t t e r b i u m - Yb(C^H^)2, and obtained doping to 3.10 cm as measured 
by SIMS w i t h n-type c o n d u c t i v i t y . The 4f t r a n s i t i o n s are caused by 
e x c i t a t i o n of e l e c t r o n s w i t h i n these l e v e l s by o p t i c a l absorption from 
a pumping l i g h t source. I n a semiconductor laser the l i g h t would 
o r i g i n a t e from the normal band-gap t r a n s i t i o n s . However i t i s not 
c l e a r whether s u f f i c i e n t y t t e r b i u m atoms can be incorporated to adsorb 
and generate the required amount of l i g h t . 
I r o n Doping of InP 
There are many a p p l i c a t i o n s i n the f a b r i c a t i o n of opto-electronic 
devices where i t i s d e s i r a b l e to incorporate a c r y s t a l l i n e but non 
conducting l a y e r during the growth phase. Examples are i s o l a t i o n 
l a y e r s between e p i l a y e r s of i n t e g r a t e d devices, or to surround the 
a c t i v e l a y e r of a l a s e r i n a non conducting media to r e s t r i c t current 
flow to the a c t i v e l a y e r alone. 
Devices of the l a t t e r form would conventionally be grown using 
reverse biased p-n b l o c k i n g l a y e r s i n the s t r u c t u r e . The use of 
i n s u l a t i n g i s o l a t i o n l ayers reduces capacitance, and may prove easier 
to use i n a production environment. To achieve t h i s end, InP has been 
doped w i t h a v a r i e t y of elements that introduce deep l e v e l traps to 
remove c a r r i e r s and form h i g h l y r e s i s t i v e l a y e r s . Such an element i s 
i r o n , however when growing by l i q u i d phase epitaxy, the s o l u b i l i t y 
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l i m i t of i r o n i n InP causes the layers to be i n s u f f i c i e n t l y r e s i s t i v e . 
More r e c e n t l y the a p p l i c a t i o n of i r o n doping i n InP by MOVPE has been 
considered, and appears to be promising. 
Long et a l f i r s t reported the growth of i r o n doped InP by MOVPE 
[11 8 ] . I r o n pentacarbonyl - Fe(CO)^, was found to be too v o l a t i l e , and 
so ferrocene - Fe(C^H^)2 was i n v e s t i g a t e d . This metal a l k y l i s s o l i d 
to 450°C, and, u n l i k e many other metal organic compounds used i n 
MOVPE, i s s t a b l e i n a i r . The m a t e r i a l i s commonly a v a i l a b l e , however 
supplies of e l e c t r o n i c grade p u r i t y m a t e r i a l are s t i l l expensive. Long 
et a l were able to grow i r o n doped layers w i t h room temperature 
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r e s i s t i v i t i e s of 1.10 -2.10 S2cm, and f u r t h e r were able to construct 
5mm diameter Schottky diodes from the m a t e r i a l [119]. These devices, 
w i t h i r o n doped e p i l a y e r s up to 9um t h i c k , gave currents of 0.5uA when 
biased at 75V. This i n d i c a t e d the s u i t a b i l i t y of the m a t e r i a l as a 
curr e n t b l o c k i n g media. I t i s thought that the i r o n forms a deep l e v e l 
acceptor near the middle of the band gap. Emission of c a r r i e r s at room 
temperature i s considered to be n e g l i g i b l e [119]. 
The same group examined MOVPE grown i r o n doped m a t e r i a l i n more 
d e t a i l and discovered p r e c i p i t a t e s of FeP and FeP2, mainly upon the 
surface [ 1 2 0 ] . Huang et a l have demonstrated that low l e v e l doping of 
InP using i r o n does not appreciably a f f e c t the m o b i l i t y of the 
m a t e r i a l [ 1 2 1 ] . This i n d i c a t e s t h a t no a d d i t i o n a l ionised i m p u r i t y 
s c a t t e r i n g takes place and that a l l the deep l e v e l traps introduced 
are f u l l . lOK photoluminescence measurements have i n d i c a t e d that the 
i r o n introduces a 1.07eV deep r a d i a t i v e t r a n s i t i o n i n t o the InP. 
Sugawara at a l have also i n d i c a t e d that i r o n introduces a mid gap 
s t a t e , but that only ~1Z of the i r o n atoms are e l e c t r i c a l l y a c t i v e 
[ 1 2 2 ] . Takanohashi et a l have doped InP w i t h ferrocene held at 20°C 
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and using a flow of 100cm min to obt a i n i r o n concentrations of 
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2.10 cm [123 ] . However only lOZ of the i r o n atoms were concluded to 
be e l e c t r i c a l l y a c t i v e from comparison of SIMS and DLTS measurements. 
The remainder of the i r o n was thought to be incorporated i n the form 
of FeP p r e c i p i t a t e s , and u n l i k e Long et a l , the p r e c i p i t a t e s were 
evenly d i s t r i b u t e d throughout the e p i l a y e r . I t would appear from 
Sugawara's work th a t w h i l s t the i r o n appears to be f u l l y a c t i v e at low 
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doping l e v e l s , beyond a ~ mid 10 cm concentration, p r e c i p i t a t e s are 
formed and e l e c t r i c a l s a t u r a t i o n occurs. This s o l u b i l i t y l i m i t i s 
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thought to be a f u n c t i o n of the growth temperature, w i t h somewhat 
higher doping l e v e l s being obtained at higher growth temperatures 
[1 2 4 ] . 
Hess et a l have demonstrated the f a b r i c a t i o n of buried crescent 
1.5ym lasers using i r o n doped InP blocking l a y e r s , and obtained 12mA 
threshold currents [ 1 2 5 ] . T e l l et a l have demonstrated the growth of 
i r o n doped layers of (Galn)As using ferrocene i n the same manner as 
f o r InP [1 2 6 ] . An acceptor i o n i s a t i o n energy of 0.35eV was obtained, 
p l a c i n g the l e v e l i n the middle of the 0.74eV (Galn)As band gap. These 
workers found t h a t a d e f i c i e n c y of i r o n i n the ep i l a y e r s led to n-type 
c o n d u c t i v i t y , and an excess of i r o n gave p-type c o n d u c t i v i t y , 
Zah et a l have f a b r i c a t e d buried crescent lasers on p-type 
sub s t r a t e s , using MOVPE grown blocking layers co-doped w i t h t i t a n i u m 
and i r o n [127]. The t i t a n i u m was used to provide a deep donor l e v e l to 
complement the deep acceptor l e v e l introduced by the i r o n . The deep 
donors were needed t o prevent p-type conduction caused by i n d i f f u s i o n 
of z inc from the p-type substrates. 
I n summary, i t appears that i r o n doping of these materials i s 
possible provided that the concentration of i r o n i s kept to around 
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"5.10 cm i n both InP and (Galn)As. This behaviour may be 
reasonably e x t r a p o l a t e d to quaternary a l l o y s . 
The author has grown ferrocene doped InP layers which when 
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measured by SIMS, had an i r o n concentration of 8.10 cm . Aym t h i c k 
l a y e r s were f u l l y depleted of c a r r i e r s when measured using a mercury 
probe. I r o n doped layers were grown d i r e c t l y upon undoped (Galn)As and 
1.3iJm emission (GaIn)(AsP) l a y e r s . SIMS analysis showed that l i t t l e 
i n d i f f u s i o n of i r o n had taken place i n t o the a l l o y l a y e r s . 
An electrochemical p r o f i l e through an InP m u l t i - l a y e r doped w i t h 
s i l a n e and ferrocene i s shown i n f i g u r e (5.22). Four InP lay e r s , each 
of 2ym thickness were grown and comprised: ferrocene doped InP, 
ferrocene and s i l a n e doped InP, s i l a n e doped InP, and f i n a l l y undoped 
InP. The electrochemical p r o f i l e i n d i c a t e d a background c a r r i e r 
c o n c entration of n=4.10 cm , and an i n t e n t i o n a l l y s i l i c o n doped 
16 —3 
la y e r of n=5.10 cm . The a d d i t i o n of the i r o n to the layer also 
doped w i t h s i l i c o n , caused the e l e c t r o n concentration to f a l l to below 
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the background doping l e v e l . The l a y e r doped s o l e l y w i t h i r o n could 
not be etched using the electrochemical p r o f i l e r , though the p r o f i l e 
of f i g u r e (5.22) i n d i c a t e s that d e p l e t i o n of the layer occurred along 
w i t h evidence of p-type c o n d u c t i v i t y at the i n t e r f a c e . 
Cobalt Doping 
As an a l t e r n a t i v e to doping w i t h i r o n to o b t a i n semi-insulating 
l a y e r s , Hess et a l have reported the use of cobalt from a source 
Co(N0)(C0)2- The cobalt was found to be a deep acceptor and a greater 
amount of dopant f l u x was needed to give s e m i - i n s u l a t i n g l a y e r s , 
compared to the use of i r o n [128]. 
FLOW RATE ( cm'min"' ) 
Figure ( 5 . 1 ) : E l e c t r o n concentration as a f u n c t i o n of SiH^ 
f l o w - r a t e f o r (Galn)As and InP. The values were 
determined using an electrochemical p r o f i l e r . 
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Figure (5.2); Electrochemical depth p r o f i l e showing the v a r i a t i o n 
of e l e c t r o n concentration w i t h input flow r a t e of 
SiH^ f o r InP. The abruptness of the i n t e r f a c e s 
i n d i c a t e s that s i l i c o n does not d i f f u s e q u i c k l y i n 
InP. 
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Figure ( 5 . 3 ) : Electrochemical depth p r o f i l e showing the v a r i a t i o n 
i n e l e c t r o n concentration f o r a layer of s i l i c o n 
doped InP which was grown w h i l s t stepping the growth 
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Figure (5.4); Electrochemical depth p r o f i l e showing the v a r i a t i o n 
of e l e c t r o n concentration f o r a layer of s i l i c o n 
doped InP which was grown at three d i f f e r e n t growth 
r a t e s . A l l other growth parameters remained 
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Figure (5.5); Electrochemical depth p r o f i l e showing the v a r i a t i o n 
of e l e c t r o n concentration w i t h input flow r a t e of 
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Figure ( 5 . 6 ) : V a r i a t i o n of hole concentration i n InP as a fu n c t i o n 
of dimethylzinc input f l u x . The slope of the graph 
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Figure (5.7); Hole m o b i l i t y i n p-InP doped using dimethylzinc as a 
f u n c t i o n of hole concentration. The s o l i d l i n e and 
poi n t s represent data obtained by l i q u i d phase 
epitaxy [Reference 105]. The crosses and e r r o r bars 
are from measurements upon the author's MOVPE 
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Figure ( 5 . 8 ) : Hole concentrations i n p-InP doped using 
d i m e t h y l z i n c , showing an approximately i n v a r i a n t 
behaviour w i t h growth r a t e . 
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Figure (5.9); Growth r a t e measured upon p-InP layers doped using 
dimethylzinc, showing l i t t l e c o r r e l a t i o n upon 
c a r r i e r concentration and dopant f l u x i n t o the 
rea c t o r . 
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Figure (5.10); V a r i a t i o n of hole concentration f o r p-InP layers 
doped using dimethylzinc, as a f u n c t i o n of growth 
temperature. A l l other growth conditions were 
maintained constant. 
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Figure (5.11): p^(GaIn)As/p-InP s t r u c t u r e used to study hydrogen 
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Figure (5.12); Electrochemical p r o f i l e through the s t r u c t u r e shown 













Figure (5.13); Electrochemical p r o f i l e through the s t r u c t u r e shown 
i n f i g u r e (5.11), f o l l o w i n g thermal pulse annealing. 
The hole concentration rose to higher than the 













Figure (5.14): Electrochemical p r o f i l e through a p^(GaIn)As 
/p-InP/n-InP/p-InP s t r u c t u r e , showing suppression of 
the hole concentration i n the layer closest to the 
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Figure (5.15); Zinc and hydrogen SIMS depth p r o f i l e through the 
same s t r u c t u r e as that used f o r f i g u r e (5.14). A 
no t i c e a b l e hydrogen presence was detected i n the 
p-InP l a y e r s , w i t h the highest s i g n a l being obtained 
from the lay e r closest to the surface of the sample. 












Figure (5.16): Electrochemical p r o f i l e s through an 
n-(GaIn)As/p*(GaIn)As/p-InP s t r u c t u r e , and ( o f f s e t ) 
a p^(GaIn)As/p-InP s t r u c t u r e . The layer capped w i t h 
s i l i c o n doped m a t e r i a l shows a higher hole 
concentration i n the p-InP. 
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Figure (5.17); Electrochemical p r o f i l e s through several p+(GaIn)As 
/p-InP samples from the same e p i t a x i a l l a y e r , which 
were thermal pulse annealed at d i f f e r e n t 
temperatures and f o r d i f f e r e n t times. 
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Figure (5.18): Electrochemical p r o f i l e s through three zinc doped 
p-InP layers which were cooled from the growth 
temperature under d i f f e r e n t c o n d i t i o n s . 
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Figure (5.19); Electrochemical p r o f i l e s through the same samples as 
used f o r f i g u r e (5.18), but a f t e r being thermal 
pulsed annealed at 800°C f o r 5s. The hole 
concentrations have r i s e n , and a surface 
accumulation of holes has appeared f o r the layer 




Figure (5.20); Electrochemical p r o f i l e through a p-InP/n-InP/p-InP 
zinc and s i l i c o n doped s t r u c t u r e , where the l a s t InP 
lay e r was cooled under a gas mixture of hydrogen, 
phosphine and dimethylzinc. 
DEPTH 
Figure (5.21): SIMS depth p r o f i l e through the sample used f o r the 
r e s u l t s of f i g u r e (5.20), showing the presence of 
hydrogen i n the surface layer of p-InP. Curves (a) 
and (b) give r e s p e c t i v e l y the hydrogen concentration 
before and a f t e r c o r r e c t i o n f o r the background l e v e l 
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Figure (5.22) Electrochemical p r o f i l e through a s t r u c t u r e 
c o n s i s t i n g of undoped InP, s i l i c o n doped InP, 
s i l i c o n and i r o n doped InP, and i r o n doped InP. The 
la y e r doped w i t h both i r o n and s i l i c o n , gave an 
e l e c t r o n concentration less than the layer doped 
only w i t h s i l i c o n . The m a t e r i a l doped only w i t h i r o n 
would not etch, though a p-type trace was obtained 
( d o t t e d l i n e ) . 
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Chapter 6 
Low Dimensional Structures 
A b r i e f o u t l i n e of low dimensional s t r u c t u r e s along 
w i t h device a p p l i c a t i o n s i s given. Experimental r e s u l t s are 
presented upon (GaIn)As/InP and (GaIn)(AsP)/InP 
multi-quantum w e l l s t r u c t u r e s . 
Background 
The term low dimensional s t r u c t u r e s , r e f e r s to s t r u c t u r e s and 
devices where the dimensions of e p i t a x i a l l a y e r s , are reduced to less 
than a few hundred Angstroms thickness. Due to quantum confinement 
e f f e c t s , a l a y e r of (Galn)As of lOOA thickness f o r example, sandwiched 
between InP l a y e r s , w i l l e x h i b i t a higher energy r a d i a t i v e t r a n s i t i o n 
than a t h i c k lOOOA laye r of (Galn)As. Such t h i n layers are normally 
r e f e r r e d to as quantum w e l l s . 
A simple model f o r e x p l a i n i n g the q u a n t i s a t i o n of energy l e v e l s 
w i t h i n the quantum w e l l , i s to consider the converse s i t u a t i o n to that 
normally applied v i a the Kronig Penney model f o r band s t r u c t u r e i n 
c r y s t a l l i n e s o l i d s . As the number of energy l e v e l s a v a i l a b l e reduces 
as the number of atoms reduce, the band s t r u c t u r e of the m a t e r i a l , 
normally smeared together to form a continuous band, begins to resolve 
i n t o i n d i v i d u a l energy l e v e l s . The i n d i v i d u a l energy l e v e l s are of a 
higher energy i n the conduction band compared w i t h bulk m a t e r i a l , and 
of a lower energy compared w i t h bulk m a t e r i a l i n the valence band. The 
r a d i a t i v e t r a n s i t i o n equivalent to that from the conduction to valence 
band, i s then of a higher energy and shorter wavelength than the bulk 
m a t e r i a l . The quantum w e l l energy l e v e l d i s t r i b u t i o n can be modelled 
from the hydrogen atom model, a l l o w i n g f o r the d i f f e r e n t materials and 
surrounding c r y s t a l f i e l d s . 
For the energy l e v e l s i n the quantised region to be occupied by 
c a r r i e r s , the surrounding m a t e r i a l must have a l a r g e r band gap and so 
donate e l e c t r o n s and holes to the w e l l m a t e r i a l . Examples of s u i t a b l e 
m a t e r i a l combinations are GaAs quantum we l l s surrounded by (GaAl)As, 
and (Galn)As quantum w e l l s surrounded by (GaIn)(AsP) m a t e r i a l . 
Quantum w e l l s r e f e r normally to s t r u c t u r e s where qu a n t i s a t i o n has 
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taken place i n one dimension only, and s o l e l y by manipulation of the 
c r y s t a l growth technique. Quantisation can be taken f u r t h e r by 
c o n f i n i n g the low band-gap m a t e r i a l i n two dimensions - quantum wires, 
and completely surrounding the low band-gap m a t e r i a l i n three 
dimensions - quantum boxes [129,130]. The l a t t e r two s t r u c t u r e s are 
achieved by sub-micron l i t h o g r a p h i c techniques, u s u a l l y i n v o l v i n g the 
use of e l e c t r o n beam l i t h o g r a p h y and e p i t a x i a l re-growth. 
Most s t r u c t u r e s f a b r i c a t e d t o date u s u a l l y consist of a series of 
quantum w e l l s of d i f f e r e n t thicknesses plus a t h i c k reference layer of 
the same m a t e r i a l , separated by t h i c k e r layers of the wider band gap 
m a t e r i a l . The d i f f e r e n t l a y e r thicknesses r e s u l t i n d i f f e r e n t energy 
gaps, and hence i n d i f f e r e n t photoluminescence emission wavelengths 
when the m a t e r i a l i s pumped by a laser beam. The luminescence 
i n t e n s i t y and the sharpness of the emission peaks, give an i n d i c a t i o n 
of the q u a l i t y of the quantum w e l l s i n terms of compositional 
u n i f o r m i t y , s p a t i a l p l a n a r i t y and i n t e r f a c e abruptness. I t i s 
d i f f i c u l t however, to de-convolve the e f f e c t s due to each of the above 
causes, without a d d i t i o n a l i n f o r m a t i o n gained from other experimental 
techniques, such as transmission e l e c t r o n microscopy (TEM). 
Many of the papers w r i t t e n upon low dimensional s t r u c t u r e s and 
MOVPE, r e f e r to t h e o r e t i c a l models of the v a r i a t i o n of energy l e v e l 
and photoluminescence wavelength as a f u n c t i o n of w e l l width. 
Experimental data o f t e n l i e s at shorter wavelengths than predicted, 
and i t i s c l e a r that progress i s s t i l l required before q u a n t i s a t i o n i n 
quantum w e l l s i s c o r r e c t l y modelled and understood. 
An a l t e r n a t i v e s t r u c t u r e that i s o f t e n grown, consists of 
m u l t i p l e quantum w e l l s of equal thickness, separated by b a r r i e r layers 
t h i c k enough to i s o l a t e the quantum wells from each other. Structures 
c o n s i s t i n g of many repeats of quantum w e l l s of the same thickness, 
separated by b a r r i e r m a t e r i a l of s i m i l a r thickness are termed 
s u p e r l a t t i c e s . These l a t t e r s t r u c t u r e s e x h i b i t e l e c t r o n i c properties 
t h a t are d i f f e r e n t from e i t h e r of the c o n s t i t u e n t m a t e r i a l s , and i t i s 
pr e d i c t e d t h a t new ma t e r i a l s and devices w i l l r e s u l t from s u p e r l a t t i c e 
development. 
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Device A p p l i c a t i o n s 
Single and multiquantum w e l l s t r u c t u r e s are used i n laser 
a p p l i c a t i o n s w i t h GaAs quantum we l l s surrounded by (GaAl)As. Improved 
l a s e r performance has been reported and w i l l be elaborated upon i n the 
next chapter. An advantage of quantum we l l s used i n the (GaIn)As/InP 
system i s th a t the f u l l wavelength range from (Galn)As bulk m a t e r i a l 
at 1.67Mm, through to lyra wavelength can be addressed [131]. I n 
p r i n c i p l e i t i s easier to grow m u l t i p l e ternary layers than the 
t h i c k e r quaternary layers needed to address the same wavelength range. 
However, there are few reports of good q u a l i t y l a s e r m a t e r i a l being 
obtained using the (GaIn)As/InP quantum w e l l arrangement. The 
GaAs/(GaAl)As quantum w e l l e m i t t e r s are able to emit i n the red region 
of the v i s i b l e spectrum due to the wavelength s h i f t obtained by 
q u a n t i s a t i o n . 
S u p e r l a t t i c e s , which e x h i b i t high non-linear e l e c t r o - o p t i c 
p r o p e r t i e s have been e x p l o i t e d to f a b r i c a t e o p t i c a l modulators, and i t 
has been pr e d i c t e d that the c o n s t r u c t i o n of o p t i c a l switches may also 
be possible [ 1 3 2 ] . Another device i s the Bloch o s c i l l a t o r f o r 
s u b - m i l l i m e t r e microwave generation, which r e l i e s upon e l e c t r o n 
t u n n e l l i n g through the b a r r i e r layers separating the quantum w e l l s . 
Avalanche photodiodes have also been f a b r i c a t e d using p e r i o d i c t h i n 
l a y e r s of m a t e r i a l s [133]. 
The use of h e t e r o j u n c t i o n s to induce two dimensional e l e c t r o n 
gases at i n t e r f a c e s , and consequently the r e a l i s a t i o n of high m o b i l i t y 
m a t e r i a l , has already been discussed i n chapter ( 4 ) [ 1 3 4 ] . This concept 
can be extended f u r t h e r to m u l t i p l e quantum we l l s of undoped high 
m o b i l i t y (Galn)As, surrounded by h i g h l y doped n-type InP layers which 
act as e l e c t r o n sources. Such s t r u c t u r e s are c a l l e d modulation doped 
multi-quantum w e l l s . Thin spacer layers of undoped InP are 
incorporated to prevent dopants d i f f u s i n g i n t o the (Galn)As during 
growth, and cause the m o b i l i t y of the two dimensional e l e c t r o n gas to 
reduce due to ionise d i m p u r i t y s c a t t e r i n g [135]. Shubnikov de Haas 
measurements are used to confirm the two dimensi o n a l i t y of e l e c t r o n 
movement i n such m a t e r i a l , by measuring magneto resistance i n a high 
magnetic f i e l d . When applied to the above s t r u c t u r e s , these 
measurements have i n d i c a t e d t h a t only the outer two w e l l s i n repeated 
s t r u c t u r e s were c o n t r i b u t i n g to the m o b i l i t i e s measured [136,137]. 
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This was thought to be due to the b a r r i e r m a t e r i a l being unable to 
supply s u f f i c i e n t e lectrons to the quantum w e l l f o r the two 
dimensional e l e c t r o n gases to be formed. For the outer w e l l s , much 
t h i c k e r l a y e r s of higher band-gap m a t e r i a l are normally adjacent. 
The two dimensional e l e c t r o n gas concept and st r u c t u r e s may also 
be extended to p-type m a t e r i a l , where hole m o b i l i t i e s of 10500 
2 -1 -1 
cm V s have been reported f o r hole measurement i n undoped t h i n 
l a y e r s of (Galn)As adjacent to p-type InP [138]. 
An associated concept to s u p e r l a t t i c e s i s the formation of 
layered c r y s t a l s . Fukui et a l have reported the growth of a l t e r n a t e 
l a y e r s of GaAs-InAs upon InP substrates [139]. The c r y s t a l s t r u c t u r e 
then c o n s i s t s of a l t e r n a t e sequences of g a l l i u m , arsenic, indium and 
arsenic atoms i n the (100) growth d i r e c t i o n . Such layers are expected 
to y i e l d higher m o b i l i t i e s than conventional (Galn)As layers which are 
less ordered, and s u f f e r from a l l o y s c a t t e r i n g . 
Growth on Mismatched Substrates 
There has been considerable i n t e r e s t i n the growth of 
GaAs/(GaAl)As e p i t a x i a l l ayers upon s i l i c o n substrates, and of 
InP/(Gain)(AsP) layers upon GaAs substrates. I n each case the 
e p i t a x i a l l a y e r s are severely l a t t i c e mismatched to the substrate. The 
o b j e c t i v e i s to combine the cost e f f e c t i v e n e s s of s i l i c o n i n tegrated 
c i r c u i t s , the high speed of GaAs e l e c t r o n i c devices, and the 
o p t o - e l e c t r o n i c c a p a b i l i t y of the I I I / V a l l o y system. 
The l a r g e l a t t i c e mismatch however i n some cases prevents devices 
from working, and i n other cases r e s u l t s i n poor device r e l i a b i l i t y . 
The most f r e q u e n t l y observed cause of poor r e l i a b i l i t y i n (Gain)(AsP) 
devices, i s the formation of d a r k - l i n e or dark-spot defects, which i n 
lase r s f o r example, give r i s e to non-radiative t r a n s i t i o n s . They can 
also act as f a s t recombination paths i n devices. Dark-line or 
dark-spot defects are associated w i t h s i n g l e d i s l o c a t i o n s or 
d i s l o c a t i o n c l u s t e r s , u s u a l l y threading through layers from 
i n t e r f a c e s . Mismatched s t r u c t u r e s introduce a profusion of 
d i s l o c a t i o n s . S u p e r l a t t i c e s are reported to have the property of 
t u r n i n g d i s l o c a t i o n s away from the growth d i r e c t i o n . Gourley et a l 
have reported a reduc t i o n i n the number of d a r k - l i n e defects observed 
i n s t r a i n e d e p i t a x i a l systems by using s u p e r l a t t i c e s to prevent 
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propagation of defects [140]. 
Growth of Low Dimensional Structures 
The growth of t h i n l a y e r s , of less that lOOOA, i n p r i n c i p l e 
r e q u i r e s t h a t reactants are switched q u i c k l y i n and out of the MOVPE 
growth zone, and th a t growth rates are s u f f i c i e n t l y slow that valve 
s w i t c h i n g delays have n e g l i g i b l e e f f e c t , and the o v e r a l l reactor 
c o n t r o l system i s accurate and reproducible. 
The growth r a t e i s determined by the number of moles per second 
of group I I I elements, reaching the hot growth zone. These amounts are 
i n t u r n dependent upon the metal a l k y l vapour pressures, and flow 
rates through the bubblers. Since t r i m e t h y l i n d i u m has a r e l a t i v e l y low 
vapour pressure, there i s no d i f f i c u l t y involved i n reducing the 
growth r a t e of InP, since hydrogen flow rates through bubblers are 
3 -1 
normally i n excess of 30cm min . However, t r i m e t h y l g a l l i u m has a much 
higher vapour pressure, w i t h flow rates through the bubbler of around 
3 - 1 3 - 1 10cm min normally being used. Flow rates below 2cm min are usually 
considered unrepeatable and inaccurate f o r matrix elements. A normal 
e p i t a x i a l growth r a t e i n an MOVPE reactor might be O.OSym min" or 
SAs"''". The growth r a t e of g a l l i u m c o n t a i n i n g a l l o y s can be lowered by 
d i l u t i n g and d i s c a r d i n g some of the t r i m e t h y l g a l l i u m flow, a system 
t h a t i s used upon many modern MOVPE reactors. A l t e r n a t i v e l y a lower 
vapour pressure g a l l i u m source can be used such as a t r i m e t h y l g a l l i u m 
- trimethylphosphorus adduct. The authors reactor had n e i t h e r of the 
above features a v a i l a b l e , and so a minimum growth r a t e of 8As~^ was 
obtained f o r (Galn)As. 
I t i s necessary f o r the gas compositions e n t e r i n g the r e a c t i o n 
zone to change a b r u p t l y , otherwise the r e s u l t a n t i n t e r f a c e disturbance 
w i l l c o n s t i t u t e the whole extent of the quantum w e l l . Most reactors 
t h a t have s u c c e s s f u l l y grown low dimensional s t r u c t u r e s have therefore 
u t i l i s e d vent-run s w i t c h i n g manifolds, w i t h constant volume switching 
w i t h i n the valves, and w i t h pressures equalised between the vent and 
run l i n e s . Even then, the change i n v i s c o s i t y r e s u l t i n g from switching 
from a flow of phosphine to a flow of arsine though the reactor, 
causes pressure t r a n s i e n t s and flow r a t e changes. To overcome t h i s , 
f u r t h e r amounts of compensating flows of hydrogen gas can be toggled 
i n and out of the reactor to maintain a constant pressure i n the 
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growth tube. Control algorithms however become complicated. I t i s also 
e s s e n t i a l t h a t a l l of the reactant valves to be switched, are 
a c t i v a t e d simultaneously to avoid f o r example, arsine appearing i n InP 
b a r r i e r l a y e r s . 
Any stagnant areas that might cause storage of gas between the 
sw i t c h i n g valves and the growth zone also r e q u i r e reducing to a 
minimum. Reactor c e l l s w i t h transverse b a f f l e s are oft e n used to 
induce a p a r a l l e l gas v e l o c i t y p r o f i l e over the substrates, however, 
the r i s k of i n t r o d u c i n g a r e c i r c u l a t i n g s t o r i n g area between the 
b a f f l e s i s enhanced. Even a f t e r a l l of the above precautions have been 
taken, i t i s common to f i n d arsine i n InP b a r r i e r layers grown 
d i r e c t l y a f t e r (Galn)As quantum wells [131]. 
The problem of arsenic or arsine remaining at the growing 
i n t e r f a c e long a f t e r the arsine flow has been switched out, has 
r e s u l t e d i n many MOVPE and MBE workers using growth pauses between the 
la y e r s of quantum w e l l s [131,133,135,141,142,143,144]. This technique 
allows sweeping away of r e s i d u a l reactants, but may r e s u l t i n surface 
degradation due to group V element l o s s , or to im p u r i t y contamination 
of i n t e r f a c e s . B a r r e t t et a l have demonstrated that the l e v e l of 
arsenic found i n InP b a r r i e r layers was i n v e r s e l y p r o p o r t i o n a l to the 
growth pause time [144]. 
Moss et a l have pioneered a new approach that may avoid many of 
the above rea c t o r complications, whereby the substrate i s tr a n s f e r r e d 
from one gas stream to another by mechanical means [145]. Each flow i s 
constant and would c o n s t i t u t e the reactants needed to grow the 
d i f f e r e n t l a y e r s of s u p e r l a t t i c e s t r u c t u r e s . 
The author has grown low dimensional s t r u c t u r e s i n both the 
(GaIn)As/InP and (GaIn)(AsP)/InP systems. I t i s convenient to review 
r e s u l t s upon these s t r u c t u r e s i n conjunction w i t h data obtained from 
the l i t e r a t u r e . P eriodic multi-quantum w e l l s t r u c t u r e s are normally 
assessed by cross s e c t i o n a l TEM and double c r y s t a l X-ray 
d i f f r a c t o m e t e r s t u d i e s . Single quantum wells and m u l t i p l e quantum 
w e l l s , where the w e l l w i d t h v a r i e s , are normally assessed using low 
temperature photoluminescence. 
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Photoluminescence Studies of (GaIn)As/InP Quantum V e i l s 
Figure (6.1) shows a s t r u c t u r e c o n s i s t i n g of four quantum wells 
of (Galn)As of 400A, 200A, 150A and 86A thickness. The growth 
c o n d i t i o n s f o r the ternary layers were i d e n t i c a l to those used f o r 
bulk (Galn)As w i t h a growth r a t e of 8As~ . The InP b a r r i e r layers were 
200A t h i c k , and were grown at a r a t e of SAs"^. The photoluminescence 
spectrum at 4.5K from t h i s sample i s shown i n f i g u r e (6.2). The 
emission from the thin n e r w e l l s can be c l e a r l y d i s t i n g u i s h e d , w h i l s t 
emission from the 400A and 200A w e l l s overlap each other. The 
narrowness of the photoluminescence peaks i s used to as c e r t a i n the 
q u a l i t y of the i n t e r f a c e s . An i r r e g u l a r i n t e r f a c e w i l l give r i s e to a 
v a r i e t y of emission wavelengths, and a broad spectrum. 
Figure (6.3) shows the s t r u c t u r e of a multiquantum w e l l sample 
w i t h t h i n n e r quantum w e l l s , along w i t h a t h i c k lOOOA ternary layer 
incorporated as a bulk m a t e r i a l reference, against which the 
composition of the la y e r s can be determined from the quantised energy 
s h i f t . The InP b a r r i e r s were again 200A t h i c k and the intended 
thicknesses of the quantum w e l l s was lOOA, 50A, 25A and lOA. The 
growth time of the thinn e s t l a y e r was only two seconds. 
A photoluminescence spectrum of t h i s layer at 5K i s shown i n f i g u r e 
(6.4). The lOOA quantum w e l l gave the narrowest f u l l width at h a l f 
maximum value f o r t h i s s e r i e s of l a y e r s , and a f i g u r e of 6.9meV was 
obtained. These r e s u l t s are compared w i t h those of other workers i n 
t a b l e (6.1) and f i g u r e (6.5). 
There i s a c l e a r trend to narrower photoluminescence peaks w i t h 
i n c r e a s i n g w e l l widths, almost regardless of worker. This may a r i s e 
because a thickness v a r i a t i o n due to gas swit c h i n g , w i l l c o n s t i t u t e a 
great e r p r o p o r t i o n of a narrow quantum w e l l compared w i t h a t h i c k 
quantum w e l l . 
The f i r s t reported MOVPE quantum w e l l s grown by Kuo et a l are 
included i n t a b l e (6.1)[142]. The sharpest photoluminescence f u l l 
w i d t h at h a l f maximum value of 24 meV on 5A t h i c k quantum w e l l s , was 
reported by Pannish et a l using MBE growth [150]. I t should be noted 
th a t the temperatures of the measurements i n t a b l e (6.1) vary, though 
most are quoted as being between 4-6K. A f u r t h e r note of caution i s 
tha t i t i s possible f o r sharper photoluminescence peaks to be obtained 
from the same sample i f the i n c i d e n t laser beam power density i s 
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Table ( 6 . 1 ) ; Comparison of Low Temperature Photoluminescence Results 
L i q u i d helium photoluminescence 
energy, f u l l w i d t h at h a l f 
maximum (FWHM)(meV) 
(Galn)As w e l l 
thickness (A) 
L i t e r a t u r e 
reference 
2.2 200 143 
3 100 143 
4.5 160 146 
5.3 150 147 
5.5 80 146 
6 65 143 
6.1 150 This work 
6.9 50 This work 
7.9-10 100 148 
8 103 131 
9 54 131 
9 8 149 
9.1 86 This work 
10 30 150 
10.7 35 142 
14.5 25 This work 
15 25 146 
15 35 131 
15 25 141 
15.1 100 This work 
21 25 143 
21.5 125 142 
24 5 150 
25 19 131 
26 15 146 
26 10 131 
30 20 141 
32.7 15 This work 
37 10 143 
53 62 142 
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reduced. 
Many of the r e s u l t s quoted i n table (6.1) were from samples grown 
u t i l i s i n g pauses i n the growth between the (Galn)As and InP layers and 
v i c e versa. This was us u a l l y achieved by swit c h i n g o f f the group I I I 
a l k y l sources at the vent-run manifold of the reactor. The author's 
r e s u l t s were obtained by continuous growth at atmospheric pressure. I t 
i s expected that b e t t e r i n t e r f a c e s are obtained at low growth pressure 
due to the sh o r t e r t r a n s i t times of the gases. 
TEM Studies of (Galn)As quantum w e l l s 
A method of j u d g i n g the q u a l i t y of quantum w e l l s , which i s more 
appealing to the human eye than other techniques, i s to cross section 
e p i t a x i a l s l i c e s and obt a i n transmission e l e c t r o n micrographs of the 
la y e r s . Figure (6.6) shows a cross s e c t i o n a l micrograph through the 
four quantum w e l l sample i l l u s t r a t e d i n f i g u r e ( 6 . 3 ) . The l i g h t e r 
areas represent the (Galn)As l a y e r s , each of which can be observed 
c l e a r l y , i n c l u d i n g the thinnest one which i s only a few atoms t h i c k . 
Each of the small spots observable on t h i s high magnification l a t t i c e 
imaging TEM micrograph, represents a column of atoms running 
perpendicular to the plane of the paper. An idea of the i n t e r f a c e 
abruptness, and of the number of misplaced atoms and edge 
d i s l o c a t i o n s , can be obtained upon closer examination. A disadvantage 
of TEM however, i s that i t i s possible to produce a high contrast 
image, even f o r a poorly defined i n t e r f a c e , which could be misleading. 
A t h i r d s t r u c t u r e i s i l l u s t r a t e d i n f i g u r e ( 6 . 7 ) . This consists 
of a r e p e t i t i o n of ten lOOA (Galn)As quantum w e l l s , separated by nine 
200A InP b a r r i e r l a y e r s , along w i t h an InP substrate b u f f e r layer of 
lOOOA and an InP cap lay e r of lym thickness. The l a t t e r was grown to 
p r o t e c t the quantum w e l l s t r u c t u r e during the d e l i c a t e t h i n n i n g 
operation required f o r TEM stud i e s . 
At f i r s t s i g h t , the i n t e r f a c e s appear to be very sharp w i t h no 
fuzziness, i n d i c a t i n g t h a t mixing of the InP and (Galn)As layers had 
not occurred. However, w h i l s t the i n t e r f a c e s between the (Galn)As 
grown upon InP layers appear to be planar, the i n t e r f a c e s between the 
InP grown upon (Galn)As layers undulates. I t was unclear why t h i s 
phenomenon occurred, however i t has been observed i n the TEM 
micrographs of other workers' l a y e r s , always w i t h one planar and one 
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u n d u l a t i n g i n t e r f a c e [ 1 4 4 ] . I t i s also possible that the arsenic 
s i g n a l s detected i n InP layers discussed e a r l i e r are also r e l a t e d to 
t h i s phenomenon. I n a l l cases the growth of subsequent InP layers 
r e - p l a n a r i s e s the s t r u c t u r e . 
I n order to gain a b e t t e r understanding of the e f f e c t , s i m i l a r 
quantum w e l l s t r u c t u r e s were grown using d i f f e r e n t growth conditions. 
I n i t i a l l y i t was believed that e i t h e r growth temperature or growth 
r a t e was responsible f o r causing undulations i n the (Galn)As la y e r s , 
which g r a d u a l l y worsened through the l a y e r , the InP growth recovering 
the o v e r a l l p l a n a r i t y of the epitaxy. 
E p i t a x i a l layers were grown c o n s i s t i n g of groups of (GaIn)As/InP 
quantum w e l l s , w i t h each group being grown under d i f f e r e n t conditions. 
The f i r s t s t r u c t u r e ( f i g u r e 6.8) consisted of four groups of quantum 
w e l l s , each c o n t a i n i n g e i g h t w e l l s of (Galn)As, where the growth 
c o n d i t i o n s were i d e n t i c a l except that the growth temperature was 
changed from 600°C through to 700°C. A second s i m i l a r s t r u c t u r e was 
grown w i t h the batches of w e l l s grown under d i f f e r e n t V / I I I r a t i o s , 
and w i t h 6s pauses under the previous group V reactant also being 
present f o r two of the four batches ( f i g u r e 6.9). A t h i r d s t r u c t u r e 
was grown w i t h d i f f e r e n t growth rates being used f o r each of the four 
batches of quantum w e l l s , f i g u r e (6.10). When the above samples were 
thinned and examined using TEM, undulations were observed i n most of 
the quantum w e l l s , again a t the InP upon (Gain)As i n t e r f a c e . 
I t was decided to determine whether the v a r i a b i l i t y of w e l l 
thickness was r e s u l t i n g s p e c i f i c a l l y at the i n t e r f a c e , or as 
o r i g i n a l l y thought, g r a d u a l l y throughout the growth of the (Galn)As 
l a y e r . A f u r t h e r s t r u c t u r e was grown, f i g u r e (6.11), c o n s i s t i n g of 
four groups of (GaIn)As/InP quantum w e l l s , w i t h the lOOA (Galn)As 
l a y e r s being marked by very t h i n layers of (GaIn)(AsP) or InAs. One 
group of w e l l s , each t a k i n g 6s to grow, was unmarked and used as a 
c o n t r o l f o r the experiment. Another two groups were marked w i t h a 0.6s 
burst of e i t h e r InAs or (GaIn)(AsP), two t h i r d s of the way through the 
(Galn)As l a y e r . The InAs and (GaIn)(AsP) markers were grown simply by 
s w i t c h i n g out the t r i m e t h y l g a l l i u m flow or s w i t c h i n g i n a large 
phosphine flow r e s p e c t i v e l y . No attempt was made to l a t t i c e match the 
marker la y e r s to the surrounding c r y s t a l s t r u c t u r e . A f o u r t h group of 
lOOA t h i c k quantum w e l l s was grown, marked w i t h three thinner 
(GaIn)(AsP) marker l a y e r s , each grown f o r 0.2s i n the second h a l f of 
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the quantum w e l l . High m a g n i f i c a t i o n TEM images are shown i n fi g u r e s 
(6.12) and (6.13), f i r s t l y f o r quantum w e l l s w i t h s i n g l e InAs marker 
l a y e r s , and secondly f o r quantum we l l s w i t h t r i p l e (GaIn)(AsP) marker 
l a y e r s . I n each case the we l l s and marker layers can be c l e a r l y seen. 
The (Galn)As upon InP i n t e r f a c e s and a l l of the marker layers appear 
to be planar, w h i l s t the InP on (Galn)As i n t e r f a c e appears i r r e g u l a r 
as observed i n previous s t r u c t u r e s . 
These r e s u l t s i n d i c a t e t h a t the growth of (Galn)As quantum wells 
proceeds i n a planar fashion, w i t h the undulations i n the InP on 
(Galn)As i n t e r f a c e appearing a f t e r completion of the (Galn)As layer. 
The f a c t that the marker layers also appeared to be planar at both 
i n t e r f a c e s w i t h the (Galn)As, i n d i c a t e d that a r s i n e , unswitched f o r 
growth of the markers but switched out to grow InP, may be 
inst r u m e n t a l i n causing i n t e r f a c e undulations. 
A f u r t h e r s t r u c t u r e wais grown where attempts were made to 
improve i n t e r f a c e p l a n a r i t y using growth pauses. This s t r u c t u r e , shown 
i n f i g u r e (6.14), consisted of three groups of lOOA t h i c k (Galn)As 
quantum w e l l s , separated by 260A t h i c k InP b a r r i e r l a y e r s . The f i r s t 
group of w e l l s was grown continuously, without pauses, to act as a 
c o n t r o l f o r the r e s t of the e p i l a y e r during TEM analy s i s . The second 
group of quantum w e l l s were grown using 6s growth pauses at the 
i n t e r f a c e s . This was achieved by ter m i n a t i n g growth by switching the 
group I I I reactants to vent, pausing the InP under a hydrogen and 
phosphine gas ambient, and pausing the (Galn)As under an arsine and 
hydrogen gas ambient. The t h i r d set of quantum wells retained the same 
method of growth pause, using phosphine f o r the InP to (Galn)As 
i n t e r f a c e , but the (Galn)As layers were paused f o r 12s under hydrogen 
alone, p r i o r to resuming growth of InP. 
The s t r u c t u r e was analysed using cross s e c t i o n a l TEM. I n each 
case the lower i n t e r f a c e s of (Gain)As grown upon InP were sharp, as 
observed p r e v i o u s l y . For the f i r s t , unpaused group of w e l l s , the 
second InP upon (Galn)As i n t e r f a c e e x h i b i t e d undulations. The same 
i n t e r f a c e f o r the second group of quantum w e l l s , paused under arsine 
f o r 6s, e x h i b i t e d f a r worse undulations ( f i g u r e 6.15). The upper 
i n t e r f a c e f o r the t h i r d group of w e l l s , paused under hydrogen alone, 
appeared to be the f l a t t e s t of the three groups of quantum wells grown 
( f i g u r e 6.16). 
There i s th e r e f o r e a trend towards achieving b e t t e r i n t e r f a c e s . 
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using growth pauses th a t allow sweeping away of excess arsine, and 
towards degraded i n t e r f a c e s when pausing under arsine. This conclusion 
i s c o n s i stent w i t h those of other workers. M i l l e r et a l have detected 
arsine i n InP l a y e r s using auger s p u t t e r i n g techniques. I t was 
i n f e r r e d t h a t the arsine was 100 times slower than phosphine i n being 
swept out of the r e a c t i o n zone [141]. 
MBE grown (GaIn)As/InP quantum w e l l s t r u c t u r e s do not appear to 
e x h i b i t the problem of undulating i n t e r f a c e s [150]. 
Double C r y s t a l X-Ray Analysis of (Galn)As Quantum Well Samples 
Figure (6.17) shows a double c r y s t a l x-ray rocking curve from a 
ten period (Galn)As quantum w e l l s t r u c t u r e . The gain of the x-ray 
d e t e c t o r was increased away from the main peak i n order to detect 
s a t e l l i t e peaks due to the quantum w e l l s . The spacing of the s a t e l l i t e 
peaks i n t h i s sample, 640 arc seconds, r e l a t e s to a 290A quantum w e l l 
p e r i o d i c i t y which agrees c l o s e l y w i t h the intended growth cycle of 
lOOA of (Galn)As and 200A of InP. Barnett et a l have modelled the 
x-ray r o c k i n g curve from a s i m i l a r s t r u c t u r e , and determined that a 
low arsenic l e v e l w i t h i n the s t a r t of the InP b a r r i e r layers was 
necessary to e x p l a i n the experimental r e s u l t s [144]. These p r e d i c t i o n s 
were subsequently confirmed by SIMS ana l y s i s , w i t h the l e v e l of 
arsenic detected i n the InP being i n v e r s e l y p r o p o r t i o n a l to the pause 
i n growth a f t e r the Ga(InAs) epitaxy. 
(GaIn)(AsP) Quantum Well Structures 
Quantum w e l l s t r u c t u r e s were also grown using 1.3iJm emission 
(GaIn)(AsP) m a t e r i a l surrounded by wider band-gap InP b a r r i e r layers. 
Figure (6.18) shows a ten quantum w e l l repeat s t r u c t u r e c o n s i s t i n g of 
lOOA quaternary layers separated by 350A InP l a y e r s . A 0.5ym substrate 
b u f f e r and a cap l a y e r was also grown. The l a s t two (GaIn)(AsP) wells 
were grown without a b a r r i e r l a y e r due to a computer f a u l t . A cross 
s e c t i o n a l TEM micrograph of the above s t r u c t u r e i s shown i n f i g u r e 
(6.19). The i n t e r f a c e s observed i n t h i s s t r u c t u r e appear to be more 
planar than those obtained w i t h i n (GaIn)As/InP quantum w e l l 
s t r u c t u r e s . I t was noted however th a t r i p p l i n g of the InP upon 
(GaIn)(AsP) i n t e r f a c e was observed f o r 1.55ym emission quaternary 
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m a t e r i a l , grown upon a d i f f e r e n t r eactor. 
The above observations are consistent w i t h disturbances at 
i n t e r f a c e s due to gas sw i t c h i n g t r a n s i e n t s , or more l i k e l y , reluctance 
of a r s i ne to be swept away from the substrate at the s t a r t of InP 
growth. 1.55ym emission quaternary bears more resemblance to (Galn)As 
than to 1.3)jm emission quaternary i n terms of growth conditions, there 
being a 5 f o l d decrease i n the amount of arsine required to grow the 
s h o r t e r wavelength m a t e r i a l . The multiquantum w e l l s t r u c t u r e shown i n 
f i g u r e (6.18) was also analysed using low temperature 
photoluminescence, and a f u l l width at h a l f maximum of 6.3 meV was 
obtained, i n d i c a t i n g good r e p r o d u c i b i l i t y of one w e l l w i t h respect to 
another. A double c r y s t a l x-ray rocking curve taken upon the s t r u c t u r e 
i s shown i n f i g u r e (6.20), The s a t e l l i t e peaks due to the quantum 
w e l l s are v i s i b l e , as are the substrate and main e p i l a y e r peaks. 
The f i n a l quaternary quantum w e l l s t r u c t u r e grown i s shown i n 
f i g u r e (6.21), t h i s consisted of four w e l l s of 200A, lOOA, 70A and 35A 
plus a bulk 2000A quaternary l a y e r . The e p i l a y e r was analysed using 
low temperature photoluminescence at 4.2K i n a s i m i l a r manner to that 
used f o r (Galn)As quantum w e l l samples. The spectrum i s shown i n 
f i g u r e (6.22), each of the l a y e r s being w e l l resolved. The f u l l width 
at h a l f maxima appears to c o r r e l a t e w e l l w i t h the data upon 
(GaIn)As/InP quantum w e l l s i n table ( 6 . 1 ) , despite the d i f f e r e n c e i n 
m a t e r i a l s . 
There are r e l a t i v e l y few l i t e r a t u r e references to quaternary 
quantum w e l l r e s u l t s w i t h which to compare the above data. There are a 
few references a v a i l a b l e on Shubnikov de Hass measurements undertaken 
upon (GaIn)(AsP) s t r u c t u r e s [136,137]. 
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Figure ( 6 . 1 ) : "Quantum w e l l " s t r u c t u r e c o n s i s t i n g of (Galn)As and 
InP l a y e r s . 
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Figure (6.2); 4.5K photoluminescence spectrum from the s t r u c t u r e 
i l l u s t r a t e d i n f i g u r e ( 6 . 1 ) . 
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Figure ( 6 . 3 ) : Quantum w e l l s t r u c t u r e c o n s i s t i n g of four (Galn)As 
w e l l s surrounded by InP along w i t h a t h i c k reference 
l a y e r of (Galn)As. 
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Figure ( 6 . 4 ) : 5K photoluminescence spectrum f o r the s t r u c t u r e 
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Figure ( 6 . 5 ) : V a r i a t i o n of low temperature photoluminescence 
spectrum full-width-half-maxima, as a f u n c t i o n of 
(GaIn)As/InP quantum w e l l w idth; f o r data taken from 
the l i t e r a t u r e (*) and the author's work ( x ) . 
Figure (6.6): Transmission e l e c t r o n microscope high r e s o l u t i o n 
l a t t i c e image through the s t r u c t u r e i l l u s t r a t e d i n 
f i g u r e ( 6 . 3 ) . 
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Figure ( 6 . 7 ) : lOx (GaIn)As/InP repeated quantum w e l l s t r u c t u r e . 
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Figure ( 6 . 8 ) ; (GaIn)As/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 4 
groups of w e l l s , each group being grown at d i f f e r e n t 
growth temperatures, w i t h and without growth pauses. 
The (Galn)As l a y e r s were =100A t h i c k , and the InP 
spacer l a y e r s were =250A t h i c k . 
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Figure ( 6 . 9 ) : (GaIn)As/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 4 
groups of w e l l s , each group being grown e i t h e r w i t h 
d i f f e r e n t V / I I I gas r a t i o s , or w i t h and without 
growth pauses. The (Galn)As layers were =100A t h i c k , 
and the InP spacer layers were =:250A t h i c k . 
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Figure (6.10)i (GaIn)As/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 4 
groups of w e l l s , each group grown using a d i f f e r e n t 
growth r a t e . The (Galn)As layers were =100A t h i c k , 
and the InP spacer la y e r s were =250A t h i c k . 
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Figure (6.11) (GaIn)As/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 4 
groups of w e l l s , the f i r s t group a c t i n g as a c o n t r o l 
group, and subsequent groups being marked w i t h 
e i t h e r (GaIn)(AsP) or InAs marker l a y e r s , to 
determine i f i n t e r f a c e i r r e g u l a r i t i e s are formed 
du r i n g growth, or at completion of the growth of 
each (Galn)As w e l l . The (Galn)As layers were =100A 
t h i c k , and the InP spacer layers were =250A t h i c k . 
Figure (6.12): Transmission e l e c t r o n micrograph of quantum wells 
marked w i t h InAs l a y e r s , showing p l a n a r i t y of the 
layers during growth. 
Figure (6.13): Transmission e l e c t r o n micrograph of quantum wells 
marked w i t h 3 (Gain)(As?) l a y e r s . Each quaternary 
layer was grown f o r only 0.2s, and i s <10A t h i c k . 
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Figure (6.14); (GaIn)As/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 3 
groups of w e l l s , each group grown using a d i f f e r e n t 
pause sequence. The (Galn)As layers were =100A 
t h i c k , and the InP spacer layers were =250A t h i c k . 
Figure (6.15); Transmission e l e c t r o n micrograph of the s t r u c t u r e 
i l l u s t r a t e d i n f i g u r e (6.14), showing (Galn)As 
surfaces paused under AsH^ f o r 6s. The i n t e r f a c e s 
e x h i b i t enhanced roughening. 
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Figure (6.16): Transmission e l e c t r o n micrograph of the s t r u c t u r e 
i l l u s t r a t e d i n f i g u r e (6.14), showing (Galn)As 
surfaces paused under H2 f o r 12s. The i n t e r f a c e s 
e x h i b i t reduced roughening. 
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Figure (6.17): Double c r y s t a l x-ray rocking curve f o r the 10 period 
(GaIn)As/InP s t r u c t u r e shown i n f i g u r e (6.7). 





Figure (6.18); (GaIn)(AsP)/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 
10 repeated quaternary lOOA w e l l s . The l a s t two 
we l l s were grown next to one another due to a 
f a u l t i n the c o n t r o l l i n g computer. 
Figure (6.19): Transmission e l e c t r o n micrograph of the (GaIn)(AsP) 
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Figure (6.20): Double c r y s t a l x-ray rocking curve of the s t r u c t u r e 
i l l u s t r a t e d i n f i g u r e (6.18), showing the presence 
of s a t e l l i t e peaks. 
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Figure (6.21): (Gain)(AsP)/InP quantum w e l l s t r u c t u r e c o n s i s t i n g of 
four quaternary w e l l s of d i f f e r e n t thicknesses, and 
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Figure (6.22): 4.2K photoluminescence spectrum on the 




Semiconductor Lasers Grown by MOVPE 
A b r i e f h i s t o r y of semiconductor lasers i s given, 
followed by t h e o r e t i c a l equations used to model the 
behaviour of the l a s e r s . D e t a i l s of the development along 
w i t h experimental r e s u l t s are presented upon double 
h e t e r o s t r u c t u r e , ridge-waveguide, and d i s t r i b u t e d feedback 
l a s e r s , f a b r i c a t e d using (GaIn)(AsP) based MOVPE 
technology. Future devices such as buried h e t e r o s t r u c t u r e 
and quantum w e l l l asers are discussed. 
H i s t o r y 
The f i r s t semiconductor lasers were f a b r i c a t e d i n 1962, and 
consisted of GaAs homo-junction devices that r e l i e d upon dopant 
d i f f u s i o n to form a p-n j u n c t i o n . These devices had threshold current 
d e n s i t i e s of 40kAcm , and could only operate under pulsed conditions 
and at low temperatures. R e l i a b i l i t y was a major problem, w i t h devices 
l i v i n g f o r only a few minutes. Improvements i n performance were 
obtained w i t h the development of the f i r s t s i n g l e h e t e r o s t r u c t u r e 
l a s e r s , and such devices are manufactured to t h i s day. They are 
f a b r i c a t e d from consecutive l a y e r s of n-GaAs, p-GaAs and p-(GaAl)As, 
_2 
and threshold current d e n s i t i e s of lOkAcm are obtained. 
I n more general usage, are double h e t e r o s t r u c t u r e lasers 
f a b r i c a t e d using (GaAl)As-GaAs-(GaAl)As l a y e r s . Early devices s t i l l 
e x h i b i t e d r e l i a b i l i t y problems, w i t h devices f a i l i n g a f t e r a few tens 
of hours. Improved devices are now commonly used i n night v i s i o n 
torches, weapons s i m u l a t i o n , high power arrays and other m i l i t a r y 
a p p l i c a t i o n s . 
The f i r s t successful communications demonstration c a r r y i n g r e a l 
data t r a f f i c , was the underground o p t i c a l f i b r e l i n k between Stevenage 
and H i t c h i n i n 1977. This system used GaAs based double 
h e t e r o s t r u c t u r e 20pm s t r i p e l a s e r s . The i n i t i a l a p p l i c a t i o n of 
semiconductor lasers to communications networks, was confined to long 
di s t a n c e , c o s t l y , submarine and trunk l a n d - l i n e a p p l i c a t i o n s . This 
necessitated the maximisation of distance between repeaters, along 
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w i t h high r e l i a b i l i t y . Further development was the r e f o r e mainly i n the 
(GaIn)(AsP)/InP a l l o y system, which despite a higher degree of 
te c h n o l o g i c a l complexity, o f f e r e d higher r e l i a b i l i t y , and emission 
wavelengths matched to the low loss windows of s i l i c a o p t i c a l f i b r e s . 
The l a s e r s deployed i n the f i r s t undersea o p t i c a l cable, were i n 
par t supplied by STC p i c , and consisted of an i n v e r t e d r i b waveguide 
s t r u c t u r e which combined current confinement to improve device 
performance, w i t h a simple r e l i a b l e s t r u c t u r e ( f i g u r e 7.1). The 
devices were f a b r i c a t e d using l i q u i d phase epitaxy. The i n v e r t e d r i b 
waveguide l a s e r has now been complemented by an equally r e l i a b l e 
s t r u c t u r e termed the ridge-waveguide l a s e r , and i s shown i n f i g u r e 
( 7 . 2 ) . This s t r u c t u r e has a lower threshold current than the inverted 
r i b waveguide l a s e r . 
There are now many manufacturers developing laser s t r u c t u r e s w i t h 
lower threshold current d e n s i t i e s , and also d i s t r i b u t e d feedback 
l a s e r s , which are d e t a i l e d l a t e r i n t h i s chapter. 
Because of the high powers and e f f i c i e n c i e s that can be obtained 
from GaAs based l a s e r s , these devices are f i n d i n g a p p l i c a t i o n s i n free 
space i n t e r - s a t e l l i t e communications, and as l i g h t pumps f o r the rods 
o f YAG l a s e r s . The YAG las e r s i n t u r n may be used to heat plasmas i n 
f u s i o n r e a c t o r s . Modern GaAs/(GaAl)As la s e r s are capable of e m i t t i n g 
up t o 2W of l i g h t continuously, lOOW under pulsed c o n d i t i o n s , and can 
_2 
have threshold current d e n s i t i e s as low as 120Acm . 
Theory of Operation 
There are several t e x t s d e t a i l i n g semiconductor laser theory 
[2,151], and only a few important aspects of theory are o u t l i n e d i n 
t h i s s e c t i o n . I n general, w h i l s t t h e o r e t i c a l models are able to 
provide e a r l y p o i n t e r s towards c o r r e c t research and development 
approaches, the complexity of s o l i d s t a t e physics and quantum 
e l e c t r o n i c s prevents the accurate p r e d i c t i o n of device performance. 
Much of the development work upon o p t o - e l e c t r o n i c devices has been 
based upon i t e r a t i v e improvements upon s t r u c t u r e s u n t i l o p t i m i s a t i o n 
has been achieved. The device r e s u l t s are then fed back i n t o the 
t h e o r e t i c a l models, improving the accuracy of f u t u r e p r e d i c t i o n s . 
As explained i n the i n t r o d u c t o r y chapter, semiconductor lasers 
r e l y upon r a d i a t i v e e l e c t r o n - h o l e recombination occurring across the 
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d i r e c t band-gap of a semiconductor compound. The electrons and holes 
are i n j e c t e d from n and p-type m a t e r i a l i n t o a recombination region, 
r e f e r r e d to as the a c t i v e l a y e r of the l a s e r . For l a s i n g to take 
place, a popul a t i o n i n v e r s i o n i s required, along w i t h o p t i c a l feedback 
of r a d i a t i o n to s t i m u l a t e recombination of c a r r i e r s . The population 
i n v e r s i o n i s provided by a high l e v e l of c a r r i e r i n j e c t i o n i n t o the 
a c t i v e l a y e r . The r a d i a t i o n feedback i s provided by l i g h t being 
r e f l e c t e d back o f f the two facets of the Fabry Perot laser c a v i t y . 
The equation d e s c r i b i n g the onset of laser a c t i o n i n a 
semiconductor l a s e r i s : 
R.exp{(rg-a)L} > 1 (7.1) 
Where: R i s the facet r e f l e c t i v i t y ; 
g i s the gain c o e f f i c i e n t of the m a t e r i a l , and i s r e l a t e d 
to the current density w i t h i n the s t r u c t u r e ; 
a i s the s c a t t e r i n g loss i n the c a v i t y per u n i t length; 
L i s the le n g t h of the c a v i t y ; 
r i s the confinement f a c t o r f o r l i g h t w i t h i n the c a v i t y . 
Other important parameters are the i n t e r n a l quantum e f f i c i e n c y 
^ ^ i n t ^ which i s the r a t i o of photons produced to electrons i n j e c t e d 
i n t o the a c t i v e l a y e r , and the e x t e r n a l quantum e f f i c i e n c y which i s 
the r a t i o of the l i g h t power produced to the current supplied to the 
s t r u c t u r e . The two are d i f f e r e n t due to shunting of current away from 
the a c t i v e region of the l a s e r , the l i g h t output being i n the wrong 
d i r e c t i o n to partake i n la s e r a c t i o n , reabsorption of l i g h t w i t h i n the 
c a v i t y , f u r t h e r r e f l e c t i o n at the facets and reabsorption, and loss of 
l i g h t due to c r i t i c a l i n t e r n a l r e f l e c t i o n at the m a t e r i a l surfaces. 
The i n t e r n a l quantum e f f i c i e n c y i s fundamental to the nature and 
q u a l i t y of the m a t e r i a l , and i s l i m i t e d by the amount of non-radiative 
recombination. For (Gain)(AsP)/InP l a s e r s , i n t e r v a l e n c e band 
absorption and Auger recombination are important fundamental physical 
f a c t o r s t h a t l i m i t the performance of devices. 
Lasing occurs when s u f f i c i e n t o p t i c a l feedback i s a v a i l a b l e to 
cause s t i m u l a t e d emission. The l i g h t can be concentrated by making the 
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a c t i v e l a y e r as t h i n as possible, u n t i l i t ceases to confine l i g h t , 
whence the threshold current s t a r t s to r i s e again. 
Thus another important r e l a t i o n s h i p governing the onset of l a s i n g 
i s : 
\ oc d/n.j^^ (7.2) 
where: d i s the a c t i v e l a y e r thickness, 
i s the threshold current density. 
Whilst t h i s r e l a t i o n s h i p holds f o r double h e t e r o s t r u c t u r e l a s e r s , 
quantum w e l l lasers e x h i b i t more complex behaviour. 
Stimulated emission occurs when the e l e c t r i c a l f i e l d of the 
s t i m u l a t i n g r a d i a t i o n i s strong enough to cause an i n v e r t e d c a r r i e r 
p o p u l a t i o n t o recombine. Thus the l i f e t i m e of c a r r i e r s i n a laser i s 
s h o r t e r than under normal c o n d i t i o n s , such as during spontaneous 
emission. Lasers are able to operate at higher frequencies compared 
w i t h l i g h t e m i t t i n g diodes, which operate l a r g e l y i n the spontaneous 
mode. 
Another e f f e c t of l a s i n g , i s to narrow s i g n i f i c a n t l y the number 
of modes supported by the c a v i t y . The c a v i t y tends to support only one 
transverse mode i f the l a s e r i s of the h e t e r o s t r u c t u r e type, and 
l a t e r a l modes only tend to appear i n w e l l designed lasers when driven 
hard. However a s i g n i f i c a n t number of l o n g i t u d i n a l modes are supported 
i n Fabry Perot l a s e r s due to the long length of the laser c a v i t y w i t h 
respect to the wavelength of the l i g h t i n the m a t e r i a l . To cause 
la s e r s to operate i n a t r u l y s i n g l e mode, and therefore to operate i n 
a manner more s i m i l a r to conventional radio and microwave sources, i t 
i s necessary to provide a g r a t i n g i n the l a s i n g s t r u c t u r e to allow 
feedback a t only one wavelength. One such s t r u c t u r e i s the d i s t r i b u t e d 
feedback l a s e r , which i s elaborated upon l a t e r i n t h i s chapter. 
The e f f e c t of f u r t h e r modes appearing i n the laser output 
spectrum, i s to cause n o n - l i n e a r i t y i n the l i g h t - c u r r e n t 
c h a r a c t e r i s t i c s of the device. This then l i m i t s device speed, 




Much of the complexity of la s e r f a b r i c a t i o n arises from the need 
to use double h e t e r o s t r u c t u r e s to improve the performance of devices. 
I n t u r n , the problem of producing h e t e r o s t r u c t u r e s has provided the 
focus of much o f the work undertaken i n the f i e l d of MOVPE. The 
h e t e r o s t r u c t u r e f u l f i l s several r o l e s . F i r s t l y , by choosing m a t e r i a l 
of a s u i t a b l e band-gap, the wavelength of the o p t i c a l laser r a d i a t i o n 
i s defined. Secondly the h e t e r o s t r u c t u r e m a t e r i a l i s chosen to have a 
lower band gap than the surrounding c o n f i n i n g l a y e r s . When the 
c o n f i n i n g l a y e r s are doped to form a p-n j u n c t i o n , w i t h the low 
band-gap m a t e r i a l i n the middle of the p-n j u n c t i o n , p o t e n t i a l 
b a r r i e r s are formed such that i t i s d i f f i c u l t f o r electrons to 
traverse from the a c t i v e l a y e r i n t o the p-layer, and f o r holes to 
traverse from the a c t i v e layer i n t o the n-layer. Under forward bias 
e l e c t r o n s and holes are i n j e c t e d r e s p e c t i v e l y from the n and 
p - c o n f i n i n g layers i n t o the a c t i v e l a y e r , but can proceed no f u r t h e r . 
A high population of c a r r i e r s i s b u i l t up which provides one of the 
c o n d i t i o n s needed f o r l a s i n g a c t i o n to occur. The a c t i v e l a y e r i s then 
r e f e r r e d to as being pumped by the i n j e c t e d c a r r i e r s . The heights of 
the b a r r i e r s are key to the confinement of c a r r i e r s . The d i f f e r e n c e 
between the conduction band l e v e l s e i t h e r side of the heterojunctions, 
c o n t r o l s how w e l l e l e c t r o n s are confined. S i m i l a r l y the d i f f e r e n c e 
between the valence band l e v e l s e i t h e r side of the heterojunctions, 
c o n t r o l s the confinement of holes. Generally the m o b i l i t y of electrons 
i s higher than that of holes, so that i t i s more important to have 
high conduction band o f f s e t s than valence band o f f s e t s . 
One of the disadvantages of the (Gain)(AsP)/InP a l l o y system, i s 
t h a t the r a t i o of conduction band o f f s e t to valence band o f f s e t i s not 
as high as desired. This leads to electrons escaping over the 
h e t e r o j u n c t i o n where they do not c o n t r i b u t e to r a d i a t i v e 
recombination. The e f f e c t becomes worse as the j u n c t i o n temperature 
r i s e s , causing a high degree of temperature s e n s i t i v i t y f o r 
(GaIn)(AsP)/InP l a s e r s . 
Therefore another important equation, which i s determined 
e m p i r i c a l l y , i s that d e f i n i n g the temperature s e n s i t i v i t y of l a s i n g 
t hreshold: 
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= J^exp(T/To) (7.3) 
Where: and are constants; i s a commonly quoted laser 
parameter, 
i s the 
T i s the j u n c t i o n temperature. 
the threshold current d e n s i t y , 
The second e f f e c t of the double h e t e r o s t r u c t u r e , i s that the 
narrow l a y e r of higher r e f r a c t i v e index m a t e r i a l acts a l i g h t guide i n 
the same manner as the core of an o p t i c a l f i b r e . Since one of the 
c o n d i t i o n s that i s important f o r good laser performance i s a high 
concentration of l i g h t i n the pumped region, then t h i s feature i s 
d e s i r a b l e . 
Double Heterostructure Lasers 
The simplest form of l a s e r s t r u c t u r e commonly f a b r i c a t e d , i s the 
double h e t e r o s t r u c t u r e l a s e r . A small amount of current confinement i s 
provided by making contact to the e p i t a x i a l side of the l a s e r , which 
i s u s u a l l y the p-side, by way of a small contact s t r i p e . This i s 
defined by photolithography, through a la y e r o f i n s u l a t i n g oxide. The 
i n j e c t e d current s u f f e r s from severe sideways spreading which i n turn 
causes a la r g e area of the a c t i v e region to be pumped. Whilst s t r i p e 
geometry la s e r s can produce high powers, the current spreading causes 
threshold c u r r e n t d e n s i t i e s to be high. Although the lasers are 
p a r t i c u l a r l y poor i n t h i s respect, they are used extensively to test 
out basic h e t e r o s t r u c t u r e performance, which i n t u r n provides 
i n f o r m a t i o n upon a l l o y and i n t e r f a c e q u a l i t y . I n t h i s way, f a u l t s 
introduced d u r i n g complex processing steps, do not confuse assessment 
of the e p i t a x y . 
There are many papers i n the l i t e r a t u r e r e p o r t i n g the threshold 
c u r r e n t s of (Gain)(AsP)/InP lasers grown by MOVPE. I n general, the 
l a s i n g t hreshold current d e n s i t i e s reported f o r broad s t r i p e devices 
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has reduced over recent years, values ranging from 8kAcm to IkAcm 
being achieved. The t e c h n i c a l d e t a i l enclosed i n these papers appears 
to be sparse, the content mainly being centred upon the achievement of 
l a s i n g . 
The f i r s t reported a l l MOVPE lasers grown using (GaIn)(AsP) 
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a c t i v e l a y e r s were f a b r i c a t e d at Thomson-CSF i n France, using low 
pressure MOVPE, and p u b l i c a t i o n s date from 1981 [152,153,154,155, 
156,157]. Growth at atmospheric pressure has also led to the 
f a b r i c a t i o n of good q u a l i t y devices [158,159,160,161]. I t would appear 
tha t the pressure used f o r epitaxy, the choice of e t h y l or methyl 
metal-organics, and a wide range of dopants do not have a s i g n i f i c a n t 
e f f e c t upon the f i n a l double h e t e r o s t r u c t u r e device q u a l i t y . The 
values o f t e n quoted i n the l i t e r a t u r e , r e q u i r e c a r e f u l examination, 
since i t i s possible to o b t a i n low threshold current density lasers 
simply by c l e a v i n g the wafer i n t o long c a v i t y length devices. 
The author has grown double h e t e r o s t r u c t u r e e p i t a x i a l l a y e r s , 
which have been processed subsequently i n t o 50ijm s t r i p e lasers i n 
order to determine the q u a l i t y of the epitaxy. A t y p i c a l e p i t a x i a l 
sequence i s shown i n f i g u r e ( 7 . 3 ) . A b u f f e r l a y e r of n-InP, doped 
using hydrogen selenide or s i l a n e mixtures i n hydrogen to 
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n=1.10 cm , was f i r s t grown upon the h i g h l y sulphur doped (100) 
o n - o r i e n t a t i o n substrate. This was followed by an undoped quaternary 
l a y e r , of 0.1-0.2ym thickness, w i t h an aimed-for emission composition 
of 1300nm. The p-side of the s t r u c t u r e consisted of 1.5ym of InP doped 18 -3 + using dimethylzinc to p=1.10 cm , followed by a p cap of (Galn)As 
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doped using dimethylzinc to p=2.10 cm . The p-side of the laser 
s t r u c t u r e was copied from d i s t r i b u t e d feedback laser development, 
which was the subject of extensive research, and i s discussed i n a 
l a t e r s e c t i o n . 
The f i r s t l a s e r wafers grown had an a c t i v e layer thickness of 
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0.17ym, and pulsed threshold current d e n s i t i e s of 1.7kAcm at 20°C. 
Figure (7.4) shows the l i g h t - c u r r e n t c h a r a c t e r i s t i c s of such a laser 
operated under pulsed cu r r e n t c o n d i t i o n s . Later s t r u c t u r e s achieved 
s i m i l a r threshold current d e n s i t i e s , provided the a c t i v e layer 
thickness remained high. A s t r u c t u r e grown w i t h an a c t i v e layer 
thickness of 0.12ym, showed an increased threshold current density of 
2.7kAcm"^. 
More r e c e n t l y , two stage buried h e t e r o s t r u c t u r e s were grown by 
Jowett and the author at STL. These s t r u c t u r e s were grown w i t h the 
i n t e n t i o n o f f a b r i c a t i n g them i n t o buried h e t e r o s t r u c t u r e l a s e r s , and 
the f i r s t stage of growth was therefore the n-InP, followed by the 
a c t i v e l a y e r , and f i n i s h e d w i t h a 0.25ym lay e r of p-InP. A f u r t h e r 
1.5ym of p-InP and p+(GaIn)As contact layer was grown subsequently 
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upon pa r t of the o r i g i n a l wafer. The f i n a l s t r u c t u r e d i f f e r e d from the 
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e a r l i e r ones, by the p-doping l e v e l being reduced to 5.10 cm , and 
w i t h a 50A undoped InP l a y e r being included between the a c t i v e layer 
and the p-InP l a y e r . These two measures c o n t r o l l e d the amount of zinc 
reaching the a c t i v e l a y e r of the l a s e r , and l i m i t e d the amount of 
n o n - r a d i a t i v e recombination that occurs when zinc i s present i n the 
a c t i v e l a y e r of devices. These devices werfe f a b r i c a t e d i n t o AOOpm 
long, 50jjm s t r i p e l a s e r s , and a threshold current density of l.lkAcm 
was achieved. The T value was measured to be 75K. 
o 
I d e a l Device Performance 
The broad area double h e t e r o s t r u c t u r e devices d e t a i l e d above are 
not s u i t a b l e f o r system a p p l i c a t i o n s , due to the i n e f f i c i e n t nature of 
the s t r u c t u r e , and r e s u l t a n t poor e l e c t r o - o p t i c c h a r a c t e r i s t i c s . 
Devices s u i t e d to commercial f i b r e - o p t i c a p p l i c a t i o n s are required to 
have threshold currents of less than 50mA, and good high temperature 
performance w i t h T^ l e v e l s of greater than 55K. To ease the complexity 
of the d r i v e c i r c u i t r y , which has to operate at very high speeds, the 
modulation currents also need to be kept as low as possible. Since 
la s e r s are u s u a l l y biased at currents around the threshold values, an 
o f t e n quoted parameter i s the e x t r a current required to achieve a 
c e r t a i n power. This i s d i r e c t l y r e l a t e d to the e x t e r n a l quantum 
e f f i c i e n c y of the l a s e r . High speed operation i s i n c r e a s i n g l y 
important, w i t h systems operating to 2.4Gbs~ . The normal 
l i g h t - c u r r e n t curve f o r a l a s e r i s l i n e a r , provided e x t r a transverse 
modes of r a d i a t i o n do not appear. This i s best prevented by c a r e f u l 
design of the o p t i c a l and current c o n f i n i n g s t r u c t u r e . I t i s 
furthermore important that the e f f e c t of temperature upon these 
parameters i s minimal under normal operating c o n d i t i o n s . Many of the 
more expensive l a s e r packages include p e l t i e r c o o l i n g u n i t s to 
maintain a s t a b l e operating temperature, when the surrounding ambient 
temperature i s high. The lasers also need to be designed such that as 
much of the l i g h t as possible i s coupled i n t o the o p t i c a l f i b r e . 
The s p e c t r a l width of the l a s e r i s also of importance. For wide 
diameter multi-mode f i b r e s , a l a r ge number of l o n g i t u d i n a l modes i s 
d e s i r a b l e to avoid modal noise. Light e m i t t i n g diodes are o f t e n used 
i n these a p p l i c a t i o n s . For more demanding a p p l i c a t i o n s , s i n g l e 
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l o n g i t u d i n a l mode l a s e r s , w i t h narrow s p e c t r a l l i n e - w i d t h s are 
req u i r e d . The s t a b i l i t y of these lasers w i t h output power and 
temperature i s also of importance. 
Ridge-Waveguide Lasers 
The above t e x t has i n d i c a t e d that i n order f o r a semiconductor 
l a s e r to f u n c t i o n e f f i c i e n t l y , i t i s necessary to guide the l i g h t i n t o 
a small two dimensional region, coincident w i t h the laser a c t i v e 
l a y e r , and to d i r e c t the e l e c t r i c a l current to the same area. Any 
curren t outside of t h i s region i s e f f e c t i v e l y wasted and creates heat, 
which i n t u r n i s d e t r i m e n t a l to device performance. 
A s t r u c t u r e that allows the e p i t a x i a l layers to be grown i n a 
s i n g l e growth run, but gives good current confinement, along w i t h 
index g u i d i n g of l i g h t i n the l a t e r a l mode, i s the ridge-waveguide 
l a s e r ( f i g u r e 7.2). The s t r u c t u r e i s f a b r i c a t e d from a planar sequence 
of e p i t a x i a l l a y e r s , by etching grooves e i t h e r side of a masked ridge, 
which becomes the gu i d i n g part of the la s e r . The a c t i v e layer remains 
unbroken and unexposed, since the channels are s e l e c t i v e l y etched as 
f a r as a short wavelength quaternary l a y e r , d e l i b e r a t e l y grown on top 
of the a c t i v e l a y e r to act as an etch stop l a y e r . The ridge-waveguide 
l a s e r i s a h i g h l y r e l i a b l e s t r u c t u r e [162], and i s manufactured by a 
lar g e number of companies. There are no re p o r t s , to the author's 
knowledge of the f a b r i c a t i o n of the s t r u c t u r e e n t i r e l y using MOVPE 
technology, though some workers have f a b r i c a t e d buried ridge lasers 
which include two d i f f e r e n t MOVPE grown quaternary layers next to one 
another [163,164]. 
The author has grown ridge-waveguide m a t e r i a l c o n s i s t i n g of 1.5um 
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of n-InP doped w i t h s i l a n e to n=5.10 cm , a l.Sym emission undoped 
quaternary l a y e r of 0.16ym thickness, a l.lSym emission undoped 
quaternary l a y e r of 0.35ym thickness, a p-InP l a y e r , 2ym t h i c k doped 18 —3 + 19 -3 to p=1.10 cm , and a p (Galn)As contact layer doped to p=2.10 cm , 
of 0.27ym thickness ( f i g u r e 7.5)[165]. The requirement to grow two 
c r i t i c a l l a t t i c e matched quaternary layers next to one another, 
re q u i r e d c a r e f u l a t t e n t i o n to be given to reactor c o n t r o l . A 5s pause 
i n the growth, w i t h the 1.3ym emission quaternary layer protected by 
ars i n e and phosphine was included p r i o r to the growth of the second 
quaternary l a y e r . During t h i s pause, the t r i m e t h y l g a l l i u m and arsine 
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flow rates were reduced to the flows needed f o r the shorter wavelength 
m a t e r i a l , and growth was prevented by the group I I I a l k y l s being 
switched to vent. 
A l i g h t - c u r r e n t curve f o r 400ym long, 3.3ym wide ridge lasers i s 
shown i n f i g u r e ( 7 . 6 ) . CW threshold currents of 58mA at 23°C were 
achieved, along w i t h a 6mW operating current of 110mA and a T^ value 
of 57K. 
Later experience has shown that the composition of the etch stop 
l a y e r should have been =1.05ym, and that i t should have been doped 
l i g h t l y p-type. More r e c e n t l y , Jowett at STL, using the same reactor 
has grown s i m i l a r devices w i t h threshold currents of 22mA at 20°C. 
D i s t r i b u t e d Feedback Lasers 
The above la s e r s operate i n s i n g l e transverse and l a t e r a l modes, 
but gi v e many l o n g i t u d i n a l modes of l i g h t due to the number of modes 
that can be supported by the Fabry Perot c a v i t y . I n order to allow 
only one l o n g i t u d i n a l mode to be supported, i t i s necessary to 
feedback l i g h t to the a c t i v e l a y e r , other than by way of the laser 
f a c e t s . To achieve t h i s , a d i f f r a c t i o n g r a t i n g i s formed between 
adjacent e p i t a x i a l l ayers of d i f f e r e n t compositions w i t h i n the laser 
s t r u c t u r e . The d i f f r a c t i o n g r a t i n g then provides d i s t r i b u t e d feedback, 
at a h i g h l y s e l e c t i v e wavelength, so causing the device to operate i n 
a s i n g l e mode. R e f l e c t i o n s from the la s e r facets are reduced by 
evaporating t h i n a n t i - r e f l e c t i o n f i l m s , such as alumina, onto the 
facets d u r i n g f a b r i c a t i o n . The g r a t i n g s are u s u a l l y of a second order 
type, and are etched i n t o the semiconductor v i a e i t h e r e l e c t r o n beam 
l i t h o g r a p h i c or X-ray l i t h o g r a p h i c techniques. 
The devices f a b r i c a t e d by the author involved two stages of 
ep i t a x y , the f i r s t by l i q u i d phase epitaxy to grow the n-side and 
quaternary layers of the ridge l a s e r s t r u c t u r e , and a second stage 
using MOVPE to grow the p-InP and p"^(GaIn)(As) l a y e r s . The g r a t i n g was 
etched approximately 0.2ym i n t o the short wavelength etch stop layer 
of the l i q u i d phase growth. A s i m i l a r method of f a b r i c a t i o n has been 
described by Nelson et a l [158]. Other workers have etched gratings 
i n t o InP substrates, followed by e p i t a x i a l growth of the complete 
s t r u c t u r e [167,168]. This l a t t e r technique r e s u l t s i n a g r a t i n g that 
i s coupled less e f f i c i e n t l y to the l i g h t i n the v i c i n i t y of the a c t i v e 
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l a y e r . I t i s also necessary to avoid thermal degradation of the 
g r a t i n g by mass t r a n s p o r t , which i s more l i k e l y using an InP g r a t i n g 
than an a l l o y g r a t i n g , i n which the presence of arsenic helps to 
s t a b i l i s e the surface. 
The f a b r i c a t i o n steps f o r the DFB l a s e r are i l l u s t r a t e d i n f i g u r e 
( 7 . 7 ) , and r e s u l t i n a ridge waveguide s t r u c t u r e as described e a r l i e r , 
w i t h the a d d i t i o n of the g r a t i n g and a n t i - r e f l e c t i o n facet coatings. 
L i g h t c u r r e n t c h a r a c t e r i s t i c s are i l l u s t r a t e d i n f i g u r e ( 7 . 8 ) , and 
c u r r e n t thresholds achieved were 24mA at 25°C, and 43mA at 50°C f o r 
300-400ym long devices. The output remained i n a s i n g l e mode i n excess 
of 8mW, over a temperature range of 10-70''C, and linewidth-power 
products of 300MHzmW were obtained. The high speed performance of 
devices i s o f t e n assessed by applying a pseudo-random pulse code 
modulated b i t stream d r i v e c u r r e n t , and d e t e c t i n g the output power and 
d i s p l a y i n g the wave-form on an o s c i l l o s c o p e . The r e s u l t a n t wave-form 
i s r e f e r r e d to as an eye diagram, and f i g u r e (7.9) shows the r e s u l t s 
obtained upon d i s t r i b u t e d feedback lasers operating at 2.4Gbs . The 
l i f e of these devices was found to be good, extrapolated l i f e t i m e s of 
b e t t e r than 10^ hours being predicted at 50°C. 
Whilst the MOVPE c o n t r i b u t i o n to t h i s device was l i m i t e d to the 
p-type l a y e r s , many aspects of the growth were c r i t i c a l . The 
p a s s i v a t i o n of InP by hydrogen, explained i n the doping chapter, was 
o r i g i n a l l y uncovered during t h i s work. The exact amount of zinc i n the 
v i c i n i t y of the a c t i v e l a y e r , and the p o s i t i o n of the p-n j u n c t i o n 
proved to be c r i t i c a l . I t was found necessary to distance the p-InP 
from the quaternary l a y e r by a O.lym t h i c k l a y e r of undoped InP, which 
was subsequently doped p-type by d i f f u s i o n during the growth of the 
r e s t of the s t r u c t u r e . I t was also found necessary to bake the 
susceptor at 650°C i n phosphine, p r i o r to loading the wafers, i n order 
to d r i v e o f f any traces of zinc l e f t on the surface of the susceptor 
a f t e r growth of the previous p^(GaIn)As l a y e r . To prevent thermal 
degradation of the g r a t i n g , the wafers were heated under phosphine to 
=:615°C, and growth was then commenced by a d d i t i o n of tri m e t h y l i n d i u m 
before the r e a c t o r temperature s t a b i l i s e d at 650°C. Cleaved cross 
sections of e p i t a x i a l layers c o n t a i n i n g g r a t i n g s , i n d i c a t e d that the 
o r i g i n a l shape was r e t a i n e d . I t was i n t e r e s t i n g to observe that the 
surface of the e p i t a x i a l l a y e r s , would become planar a f t e r only 0.2ym 
of InP had been grown. 
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Contact Layers 
Devices grown by l i q u i d phase epitaxy, u s u a l l y have a p-doped 
quaternary capping l a y e r of l a r g e r band gap than the a c t i v e layer. 
This m a t e r i a l requires f u r t h e r zinc d i f f u s i o n to produce low 
resis t a n c e metal to semiconductor contacts. MOVPE grown contact layers 
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can be of (Gain)As, which can be doped to p=10 cm during e p i t a x i a l 
growth. Low resi s t a n c e contacts can be achieved immediately using t h i s 
m a t e r i a l , without the need f o r a d i f f u s i o n stage. However, the 
(Galn)As i s a narrower band-gap m a t e r i a l than the a c t i v e layer of the 
l a s e r s , and so w i l l absorb l i g h t and cause poor device performance i f 
i t i s not distanced to = 1.5ym from the a c t i v e l a y e r . 
The growth of t h i s contact layer by MOVPE, does s u f f e r the 
problem of inducing hydrogen passiv a t i o n of the underlying p-InP. I t 
was found t h a t the subsequent depos i t i o n of oxides during wafer 
processing, drove the hydrogen out of the e p i t a x i a l l a y e r s , depending 
upon the d e p o s i t i o n temperature used. Whilst t h i s e f f e c t f o r t u i t o u s l y 
e l i m i n a t e d the problem i n f i n i s h e d devices, the r e p e a t a b i l i t y of the 
processing, and the need to measure doping l e v e l s i n the p-InP a f t e r 
e p i t a x i a l growth, required a more elegant s o l u t i o n to be found. The 
approach f i n a l l y adopted, was to grow an undoped layer of InP d i r e c t l y 
a f t e r the growth of the contact l a y e r . This eliminated the ingress of 
atomic hydrogen during c o o l i n g , since arsine was no longer present i n 
the growth environment. The InP l a y e r also acted as a p r o t e c t i v e layer 
over the wafer, and was removed p r i o r to processing using a 3:1 H^PO,:HC1 etch. 3 4 
p and n-Type Doping of InP Confining Layers 
The doping l e v e l chosen f o r the n-InP layers of the lasers, 
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appeared not to be c r i t i c a l . A value of n = 5.10 cm was s e t t l e d 
upon. 
However the doping l e v e l i n the p-InP layers of the lasers was 
c r i t i c a l . Devices f a b r i c a t e d from layers w i t h too much zinc i n the 
a c t i v e l a y e r s , e x h i b i t e d high threshold c u r r e n t s . This i s thought to 
be due to the i n t r o d u c t i o n of non- r a d i a t i v e recombination centres by 
zinc atoms, a theory t h a t i s supported by the observation of reduced 
luminescence e f f i c i e n c y of layers depending upon the amount of zinc 
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incorporated i n t o them. The temperature s e n s i t i v i t y of the devices was 
improved, and a t r a d e - o f f has to be made between these two important 
parameters. The amount of zinc i n the a c t i v e l a y e r of lasers could be 
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c o n t r o l l e d e i t h e r by doping the p-InP layer to p=5.10 cm , or by 
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using a higher doping l e v e l of p=l-2.10 cm , along w i t h a 0.1-0.2ym 
t h i c k undoped InP lay e r adjacent to the a c t i v e layer of the device. 
Sasaki et a l have demonstrated s i m i l a r r e s u l t s f o r the zinc 
doping of double h e t e r o s t r u c t u r e l a s e r s , though the use of a d i f f u s e d 
p-contact l a y e r may have d i s t o r t e d t h e i r r e s u l t s i n comparison to 
those above [168]. Miyamoto et a l have grown lasers upon zinc doped 
subst r a t e s , and found that slow growth rates and therefore long growth 
times, gave r i s e to degradation of device performance, which was 
ascribed to o u t - d i f f u s i o n of zinc from the substrate i n t o the a c t i v e 
l a y e r [ 1 6 9 ] . 
I n p r i n c i p a l , a high doping l e v e l i s d e s i r a b l e , since the 
c o n d u c t i v i t y of the m a t e r i a l i s also higher, g i v i n g less r e s i s t i v e 
heating of the devices. I n l a t e r s t r u c t u r e s , the two doping l e v e l s 
were combined by changing from low to high dimethylzinc flow rates, i n 
d i f f e r e n t stages of the p-side epitaxy. 
R e l i a b i l i t y of Lasers 
Most lasers e x h i b i t output power degradation w i t h time, usually 
due to a r i s e i n threshold c u r r e n t . For many devices t h i s follows a 
law of the form: 
= A t " (7.4) [170] 
where: I ^ i s the threshold c u r r e n t , 
A i s a constant, 
n i s a constant, and i s 0.5 f o r many las e r s . 
However, i t i s equally important that other device parameters are 
also r e t a i n e d w i t h i n s p e c i f i e d l i m i t s . Extensive l i f e t e s t i n g 
arrangements have been developed f o r devices that are required to 
operate f o r tens of years. Paradoxically, the laser market i s 
developing towards lower cost, less r e l i a b l e l a s e r s , f o r the shorter 
distances to customer premises, r a t h e r than the long trunk l i n k s where 
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the f i r s t l a s e r s were used. 
The f a c t o r s that can in f l u e n c e device r e l i a b i l i t y as a r e s u l t of 
e p i t a x i a l growth are e p i l a y e r s t r a i n , d i s l o c a t i o n s , and non-radiative 
recombination centres. The ass o c i a t i o n between non-radiative 
recombination centres such as zinc atoms, and r e l i a b i l i t y , i s not w e l l 
understood. I t has been f i r m l y established that s t r a i n of the a c t i v e 
l a y e r , as a r e s u l t of poor epitaxy, can lead to the formation of 
d i s l o c a t i o n s , which i n t u r n act as non-radiative recombination 
centres, reducing the e f f i c i e n c y of the lasers [ 5 5 ] . L a t t i c e matching 
of quaternary layers to InP i s therefore required to be b e t t e r than 
±2.10"'*. 
Buried H e t e r o s t r u c t u r e Lasers 
Whilst the ridge-waveguide la s e r can be described j u s t i f i a b l y as 
a low threshold l a s e r , there i s an increasing number of a p p l i c a t i o n s 
where a device i s required that has an even lower threshold of l a s i n g , 
and b e t t e r high temperature operation. One of the main advantages of 
t h i s l a s e r , i s th a t i t requires only a s i n g l e stage of epitaxy. 
However t h i s i s counterbalanced by device performance, processing 
tolerances, and bonding d i f f i c u l t i e s caused by the use of a non-planar 
s t r u c t u r e . The ridge-waveguide l a s e r , which has an unbroken, broad 
a c t i v e l a y e r , s u f f e r s from poor l a t e r a l current confinement, and poor 
l a t e r a l o p t i c a l confinement. The l a t t e r e f f e c t gives r i s e to 
asymmetric f a r f i e l d s , making launching of l i g h t i n t o f i b r e s 
d i f f i c u l t . This design of las e r i s , however, probably the most 
r e l i a b l e i n the world. 
To o b t a i n b e t t e r l a t e r a l o p t i c a l and current confinement, a 
s t r u c t u r e i s required that consists of a rod of a c t i v e m a t e r i a l , 
surrounded by m a t e r i a l of higher r e s i s t i v i t y and lower r e f r a c t i v e 
index. Such a device i s o p t i c a l l y s i m i l a r to an o p t i c a l f i b r e . The 
many designs of buried h e t e r o s t r u c t u r e laser are of t h i s form. 
The e a r l i e s t buried h e t e r o s t r u c t u r e l a s e r s , were f a b r i c a t e d using 
l i q u i d phase epi t a x y . A planar sequence of ep i l a y e r s was grown, and 
subsequently etched to form a mesa conta i n i n g the a c t i v e l a y e r . The 
area surrounding the a c t i v e layer was then re-grown using p-n InP 
bl o c k i n g l a y e r s , followed by over-growing the top of the mesa w i t h 
more p-type InP and a contact l a y e r . This two stage growth process. 
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r e s u l t e d i n a s t r u c t u r e which incorporated a reverse biased p-n 
j u n c t i o n , which e f f e c t i v e l y d i v e r t e d i n j e c t e d current towards the low 
band-gap a c t i v e l a y e r . The l i q u i d phase e p i t a x i a l buried 
h e t e r o s t r u c t u r e l a s e r , has been su c c e s s f u l l y f a b r i c a t e d i n many 
research l a b o r a t o r i e s world-wide, but has only been adopted f o r 
production by a few companies, due to the i n h e r e n t l y d i f f i c u l t growth 
step i n v o l v i n g precise p o s i t i o n i n g of the p-n blocking layers. 
The f i r s t MOVPE grown buried h e t e r o s t r u c t u r e l a s e r s , were buried 
r i d g e devices [171,172]. A planar sequence of l a y e r s , i n c l u d i n g the 
a c t i v e l a y e r , was formed i n t o a mesa by etching through the a c t i v e 
l a y e r , as described f o r l i q u i d phase e p i t a x i a l s t r u c t u r e s . The whole 
mesa was then buried i n p-type InP followed by a s u i t a b l e contact 
l a y e r . Whilst t h i s s t r u c t u r e r e s u l t e d i n good o p t i c a l confinement, 
current spreading and conduction through the p-InP was s t i l l a 
problem. Improved performance was obtained e i t h e r by forming a narrow 
contact s t r i p e , or by causing the m a t e r i a l e i t h e r side of the a c t i v e 
l a y e r to become r e s i s t i v e using proton bombardment. Threshold currents 
as low as 20mA at 20°C were obtained, but device r e l i a b i l i t y was poor. 
The more commonly f a b r i c a t e d MOVPE buried h e t e r o s t r u c t u r e laser 
requires three stages of e p i t a x i a l growth, and was f i r s t demonstrated 
by Nelson et a l [158,168]. Again t h i s s t r u c t u r e s t a r t s w i t h a mesa of 
e p i t a x i a l l a y e r s i n which the a c t i v e layer has been cut. The oxide 
mask tha t i s used to define the mesa, i s retained during the second 
growth step which consists of the growth of p and n-type InP current 
b l o c k i n g l a y e r s . The f i n a l growth step, undertaken once the oxide mask 
has been removed, i s to cover the whole s t r u c t u r e i n p-type InP, 
followed by a p"'"(GaIn)(As) contact l a y e r . The s t r u c t u r e i s i l l u s t r a t e d 
i n f i g u r e (7.10). The p o s i t i o n of the p-n blocking l a y e r s , again i s 
important, but at l e a s t one major company has developed the technology 
to the p o i n t of p u t t i n g the device i n t o production. 
Good r e l i a b i l i t y of t h i s type of s t r u c t u r e has been demonstrated 
w i t h the best r e s u l t g i v i n g a predicted l i f e of 2.5.10^ hours at 25°C, 
defined by a 100% r i s e i n threshold current [173]. Whilst t h i s 
d e f i n i t i o n i s more relaxed than that applied to the ridge-waveguide 
l a s e r , the lower s t a r t i n g threshold current allows an increase i n 
curre n t to be accommodated. The most r e c e n t l y reported threshold 
c u r r e n t f o r t h i s type of device i s 8mA [174], and Kawabata et a l have 
also demonstrated devices w i t h threshold currents of 10mA and T 
-112-
values of 59K [17 5 ] . 
Good buried h e t e r o s t r u c t u r e lasers have also been grown by vapour 
phase ep i t a x y , w i t h threshold currents of 20mA at 25''C and T^ values 
of 72K being obtained [ 1 7 6 ] . Mass tra n s p o r t has also been used i n an 
MOVPE react o r to bury h e t e r o s t r u c t u r e mesas, by a d j u s t i n g the 
over-pressure of phosphine to a l e v e l j u s t above that needed to stop 
the m a t e r i a l degrading [177]. 
Whilst the a l l MOVPE, p-n blocking l a y e r buried h e t e r o s t r u c t u r e 
l a s e r has found much favour w i t h many companies, i t has several 
disadvantages. The requirement f o r three stages of epitaxy i s e f f o r t 
i n t e n s i v e . The r e l i a b i l i t y of the devices i s not as good as struc t u r e s 
i n which the a c t i v e l a y e r i s unbroken, though i t i s unclear whether 
t h i s i s an issue f o r low cost a p p l i c a t i o n s , where the devices are not 
required to l a s t as long as those used i n trunk telecommunication 
a p p l i c a t i o n s . The o v e r a l l sequence of doped layers forms a p-n-p-n 
t h y r i s t o r s t r u c t u r e , which can conduct i f turned on by a high voltage 
i n the v i c i n i t y of the a c t i v e l a y e r . Any m a t e r i a l problem which 
r e s u l t s i n a high forward voltage, w i l l t h erefore cause t h i s s t r u c t u r e 
to s u f f e r from current leakage through the blocking l a y e r s . 
Perhaps of greater concern, i s the f a c t that the p-n blocking 
l a y e r s s t o r e charge, and so the devices e x h i b i t a high capacitance. 
This l i m i t s the high frequency c a p a b i l i t y of the s t r u c t u r e s to less 
than IGHz. 
The use of Semi-Insulating materials i n Buried Heterostructure Lasers 
There have been many attempts to replace the p-n blocking layers 
i n buried h e t e r o s t r u c t u r e l a s e r s , w i t h non-conducting mat e r i a l s . 
S i l i c o n d i o x i d e and polyamide have been used without great success. 
More r e c e n t l y , the a b i l i t y to grow s e m i - i n s u l a t i n g InP doped w i t h 
i r o n , by both MOVPE and hydride vapour phase epitaxy, has allowed good 
q u a l i t y devices to be f a b r i c a t e d . The c r y s t a l l i n e nature of the i r o n 
doped InP cont r a s t s w i t h the p o l y c r y s t a l l i n e nature of e a r l i e r 
m a t e r i a l s . The use of a se m i - i n s u l a t i n g layer instead of p-n blocking 
l a y e r s t o confine the c u r r e n t , r e s u l t s i n reduced device capacitance, 
and improved high frequency performance. 
The author has grown buried h e t e r o s t r u c t u r e l a s e r s , using an i r o n 
doped b l o c k i n g l a y e r by MOVPE, however the threshold currents were 
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d i s a p p o i n t i n g l y high. I t was found subsequently that the amount of 
i r o n i n the InP bloc k i n g l a y e r was f a r higher than required, and may 
have l e d to the formation of conducting paths v i a i r o n p r e c i p i t a t e s . 
Speier et a l found i t necessary to reduce the i r o n content of layers 
to o b t a i n good device r e s u l t s [176]. 
The f i r s t i r o n doped buried h e t e r o s t r u c t u r e lasers were 
f a b r i c a t e d by etch i n g a v-groove i n t o an MOVPE grown e p i t a x i a l i r o n 
doped l a y e r , followed by l i q u i d phase e p i t a x i a l growth of a buried 
crescent l a s e r s t r u c t u r e i n t o the v-groove [177]. Devices f a b r i c a t e d 
by t h i s method have operated to 8.3GHz [178]. A s i m i l a r l i q u i d phase 
e p i t a x i a l s t r u c t u r e was grown by Yamakoshi et a l , i n a recess etched 
i n t o a la y e r of i r o n doped InP grown by vapour phase epitaxy [179]. 
This s t r u c t u r e also gave good r e s u l t s , w i t h a maximum frequency of 
operati o n of 6GHz. 
A l l MOVPE s t r u c t u r e s grown using i r o n doped InP also have yielded 
good device r e s u l t s . Structures i d e n t i c a l to the three step e p i t a x i a l 
s t r u c t u r e s described above, but w i t h the p-n blocking layers replaced 
by i r o n doped InP, have y i e l d e d devices w i t h threshold currents as low 
as 20mA, and -3dB frequency cut o f f values of greater than lOGHz 
[174,180]. 
A two-stage process using i r o n doped InP has also been developed, 
and consists of a mesa s t r u c t u r e as described e a r l i e r being buried i n 
i r o n doped InP as the f i n a l growth stage. The d i f f e r e n c e between t h i s 
two-stage process and the three-stage process described above, i s that 
the mesa s t r u c t u r e consists of a f u l l l a s e r h e t e r o s t r u c t u r e , i n c l u d i n g 
a contact l a y e r , from which a s i l i c o n dioxide mask i s removed a f t e r 
the second e p i t a x i a l growth stage. Several groups of workers have used 
t h i s process, and have obtained high frequency performance to 5.8GHz, 
w i t h threshold currents as low as 20mA [181,176,182,183,184,185]. 
I t i s not c l e a r whether the two or three stage s t r u c t u r e i s 
sup e r i o r , nor i s there any s i g n i f i c a n t l i f e - t e s t data a v a i l a b l e upon 
i r o n doped b l o c k i n g l a y e r buried h e t e r o s t r u c t u r e l a s e r s . 
Quantum Well InP Based Lasers 
The use of very t h i n l a s e r a c t i v e l a y e r s , of the order of lOOA, 
surrounded by gu i d i n g layers of intermediate r e f r a c t i v e index to the 
a c t i v e and confinement l a y e r s , has been e x p l o i t e d e x t e n s i v e l y i n the 
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f a b r i c a t i o n of GaAs/(GaAl)As l a s e r s . These devices, commonly r e f e r r e d 
to as quantum w e l l l a s e r s , due to the q u a n t i s a t i o n of energy l e v e l s 
w i t h i n the a c t i v e l a y e r , have e x h i b i t e d lower thresholds, b e t t e r 
r e l i a b i l i t y , narrower l i n e - w i d t h , higher power and b e t t e r temperature 
s e n s i t i v i t y than double h e t e r o s t r u c t u r e l a s e r s . 
The a p p l i c a t i o n of quantum w e l l s t r u c t u r e s to longer wavelength 
l i g h t e m i t t e r s has met w i t h varying degrees of success. Miyamoto et 
a l , f a b r i c a t e d a s i n g l e quantum w e l l s t r u c t u r e c o n s i s t i n g of a 150A 
t h i c k 1.66ym emission quaternary a c t i v e l a y e r , surrounded by 1.26ym 
emission quaternary layers [186]. Thin InP layers were incorporated to 
f a c i l i t a t e the growth of otherwise adjacent quaternary l a y e r s . High 
_2 
threshold current d e n s i t i e s of llkAcm were obtained. Nelson et a l , 
f a b r i c a t e d (GaIn)As/InP quantum w e l l lasers which had threshold 
current d e n s i t i e s of 7.5kAcm , and reported narrowing of the emission 
spectrum w i t h respect to double h e t e r o s t r u c t u r e devices [187]. 
More r e c e n t l y , buried h e t e r o s t r u c t u r e m u l t i p l e quantum w e l l 
l a s e r s have been f a b r i c a t e d using (Galn)As a c t i v e layers surrounded by 
(GaIn)(AsP) b a r r i e r layers [188,189,190]. These devices had threshold 
c u r r e n t s as low as 18mA, and when a g r a t i n g was incorporated to form a 
d i s t r i b u t e d feedback l a s e r , good TM mode suppression, low frequency 
c h i r p , enhanced T^ values, and line-width-power products of 28MHzmW 
were obtained [189,190]. The above devices, and also lasers f a b r i c a t e d 
using quaternary quantum w e l l a c t i v e layers and wider band-gap 
quaternary b a r r i e r l a y e r s , have not y i e l d e d lasers w i t h improved 
threshold currents compared w i t h quaternary double h e t e r o s t r u c t u r e 
devices [175,191]. A more complex s t r u c t u r e , c o n s i s t i n g of a series of 
graded quaternary l a y e r s , termed a "GRINSCH" la s e r , y i e l d e d threshold 
_2 
current d e n s i t i e s of 1.4kAcm , which again i s no b e t t e r than double 
h e t e r o s t r u c t u r e lasers [192]. 
More promising r e s u l t s have been achieved by Glew et a l , using 
four (Galn)As quantum w e l l a c t i v e l a y e r s , surrounded by (GalnAl)As 
b a r r i e r m a t e r i a l [193]. Threshold current d e n s i t i e s of as low as 
_2 
0.94kAcm , and T^ values of 61K were obtained. 
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Figure ( 7 . 1 ) : Cross s e c t i o n through the e p i t a x i a l s t r u c t u r e of an 
i n v e r t e d r i b waveguide l a s e r . (Not to scale.) 
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Figure (7.2); Schematic diagram of a ridge waveguide laser . (Not 
to scale.) 
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Figure ( 7 . 3 ) : Schematic diagram of the sequence of e p i t a x i a l 
l a yers grown to produce broad area (50-80ym s t r i p e ) 
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Figure (7.4); L i g h t - c u r r e n t c h a r a c t e r i s t i c under pulsed d r i v e 
c u r r e n t c o n d i t i o n s f o r an a l l MOVPE 50yni s t r i p e 
double h e t e r o s t r u c t u r e l a s e r , f a b r i c a t e d from the 
e p i t a x i a l l a y e r s shown i n f i g u r e ( 7 . 3 ) . 
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Figure ( 7 . 5 ) : Schematic diagram of the sequence of e p i t a x i a l 
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Figure (7.6): L i g h t - c u r r e n t c h a r a c t e r i s t i c under CW d r i v e 
c o n d i t i o n s , f o r an a l l MOVPE ridge waveguide laser, 
f a b r i c a t e d from the e p i t a x i a l layers shown i n f i g u r e 
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Figure (7.7); Sequence of f a b r i c a t i o n steps required to produce a 
hyb r i d LPE/MOVPE d i s t r i b u t e d feed-back ridge 
waveguide l a s e r . The g r a t i n g i s defined using 
e l e c t r o n beam l i t h o g r a p h y . 
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Figure (7.8): CV l i g h t - c u r r e n t c h a r a c t e r i s t i c f o r a hybrid 
LPE/MOVPE d i s t r i b u t e d feed-back ridge waveguide 
l a s e r . 
Time 
Figure ( 7 . 9 ) : Eye diagram f o r a hybrid LPE/MOVPE d i s t r i b u t e d 
feed-back ridge waveguide laser operating at 
2.4Gbs"-^. 




Figure (7.10): Schematic diagram of a buried h e t e r o s t r u c t u r e laser. 




The nature of the reactants used i n the MOVPE process 
requires considerable a t t e n t i o n to be paid to issues of 
sa f e t y , more so than i n many other semiconductor processes. 
The f o l l o w i n g s e c t i o n reviews the hazards and 
counter-measures taken to reduce r i s k s to both personnel 
and the environment, to as low a l e v e l as possible. 
Metal-Organic Chemicals 
A l l of the group I I I and group I I metal-organic precursors used 
i n I I I / V MOVPE are spontaneously combustible i n a i r , and react 
v i o l e n t l y w i t h water. They are normally packaged i n all-welded 
s t a i n l e s s s t e e l vessels, complete w i t h i n l e t and o u t l e t valves, 
s u i t a b l e f o r d i r e c t connection to MOVPE react o r s . P r i o r to opening the 
valves to allow passage o f hydrogen through the container, the pipe 
j o i n t s are leak tested to avoid ingress of a i r and moisture, both f o r 
s a f e t y reasons, and to ensure that the highest q u a l i t y of epitaxy i s 
achieved. I n the event of a c c i d e n t a l pressure surges i n the reactor, 
l i q u i d metal-organic reagents can be moved i n t o unexpected areas of 
pipework. Care has to be taken when disassembling pipework to avoid 
f i r e s . Should a metal-organic f i r e take place, water f i r e 
e x t i n g u i s h e r s cannot be used. The reagents are s u f f i c i e n t l y aggressive 
to r eact w i t h carbon d i o x i d e , l i m i t i n g the use of t h i s type of 
ex t i n g u i s h e r . The best forms of quenching agent appear to be e i t h e r 
dry sand or dry powder f i r e e x t i n g u i s h e r s . 
When changing metal-organic sources, care i s required to ensure 
t h a t a l l traces of the compounds have been removed from pipes that are 
to be opened to a i r . Measures to achieve t h i s are purging of pipework, 
or b a c k - f i l l i n g w i t h dry n i t r o g e n and evacuating the pipes connected 
to the bubbler. 
The t o x i c i t y of metal-organic compounds has not been extensively 
i n v e s t i g a t e d . Their pyrophoric nature, and the h e r m e t i c i t y of 
re a c t o r s , necessary f o r high q u a l i t y growth, makes exposure to the 
chemicals u n l i k e l y . Obvious chemicals to which exposure should be 
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avoided, are compounds of elements which are t o x i c such as be r y l l i u m . 
Phosphorus 
The growth of InP based e p i t a x i a l l a y e r s , r e s u l t s i n the 
de p o s i t i o n of l a r g e amounts of phosphorus upon glassware and pipework. 
With time, t h i s tends t o adopt a f a i r l y passive form and may form red 
phosphorus. However immediately a f t e r growth, both white and yellow 
deposits may be seen, which can smoulder i n a i r or burn w i t h a hot 
flame. This form of phosphorus, probably the white a l l o t r o p e , i s 
th e r e f o r e a burn hazard and i s also poisonous. 
Hydrogen 
Hydrogen i s used as the c a r r i e r gas to transport reactants to the 
MOVPE growth zone. The explosive nature of the gas requires care to be 
taken to avoid mixing i t w i t h a i r . This i s ensured by the use of high 
i n t e g r i t y pipework and seals, checked using leak detectors. As a 
f u r t h e r s a f e t y measure, s t r a t e g i c a l l y placed hydrogen detectors can be 
used to s i g n a l alarms should a hydrogen leak occur, and allow 
automatic close down of the reactor. Smoke and flame detectors can be 
s i m i l a r l y i n t e r l o c k e d w i t h the process to prevent hydrogen f u e l l i n g a 
f i r e e x t e r n a l to the re a c t o r . 
I t was common p r a c t i c e when growing GaAs compounds, to unload the 
rea c t o r w i t h hydrogen f l o w i n g i n t o the atmosphere. Epitaxy of InP 
based compounds r e s u l t s i n the de p o s i t i o n of phosphorus, which can act 
as an i g n i t i o n source f o r hydrogen gas. I t i s des i r a b l e therefore to 
swit c h the c a r r i e r gas to n i t r o g e n during unloading. More 
s o p h i s t i c a t e d apparatus now incorporates e i t h e r glove boxes or 
automatic load locks to prevent moisture and oxygen e n t e r i n g the 
r e a c t i o n tube. 
The above problems are f a i r l y e a s i l y contained given high q u a l i t y 
components and knowledgeable users. 
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The T o x i c i t y of Arsine and Phosphine 
The major hazard associated w i t h MOVPE, i s the need to use hig h l y 
t o x i c gaseous sources f o r the group V elements. The t o x i c i t y of 
substances i s c l a s s i f i e d by a v a r i e t y of exposure l e v e l s . The l e v e l 
most commonly encountered i n the U.K., i s c a l l e d the "Toxic L i m i t 
Value" (TLV), and defines the concentration of gas to which a worker 
can s a f e l y and continuously be exposed during a normal working week. 
Another l e v e l i s the "Toxic Concentration Low" (TC^^^), which i s 
determined by observing the t o x i c gas concentration that f i r s t 
t r i g g e r s p h y s i o l o g i c a l changes i n workers. A t h i r d , o f t e n used i n 
la b o r a t o r y t o x i c o l o g y experiments i s the LC^Q value. The "Lowest 
Le t h a l Concentration" (LCj^^), i s used to define gas concentrations 
t h a t t e r m i n a l l y a f f e c t workers. The TLVs f o r arsine and phosphine are 
O.OSppm and 0.3ppm r e s p e c t i v e l y . The TCj^^ f o r arsine i s 3ppm, and the 
LCj^^ values f o r arsine and phosphine are 25ppm and lOOOppm 
r e s p e c t i v e l y . The gas concentrations normally encountered at the 
exhaust of an MOVPE rea c t o r , assuming no consumption of the hydrides, 
are of the order of 20000ppm and 5000ppm, f o r low pressure and 
atmospheric pressure reactors r e s p e c t i v e l y . C l e a r l y i t i s e s s e n t i a l 
d u r i n g normal working s i t u a t i o n s to avoid release of these gases i n t o 
the working environment, and to ensure that the f i n a l emissions i n t o 
the atmosphere are safe. Normal working p r a c t i c e i n most l a b o r a t o r i e s 
i s to reduce exposure l e v e l s and emission l e v e l s to below the 
d e t e c t i o n l i m i t s of monitoring systems, which can detect 
concentrations below TLV l e v e l s . Of equal importance i s the l i m i t a t i o n 
of the e f f e c t s of a lar g e t o x i c gas release caused by equipment 
ma l f u n c t i o n . 
Safe Reactor Design and Operation 
MOVPE reactors are placed i n w e l l e xtracted cabinets, so that 
should a leak of gas occur, f o r example due to a f r a c t u r e d reaction 
chamber, the t o x i c gases w i l l be swept away from the operator. The 
whole of the gas handling apparatus and cabinets containing the gas 
sources are also h e a v i l y e x t r a c t e d , and any l i n k i n g between cabinets 
i s achieved using all-welded pipework which i s sometimes placed 
c o a x i a l l y i n a secondary extracted pipe. The apparatus has to be 
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e x t e n s i v e l y helium leak tested to ensure good e p i t a x i a l r e s u l t s , but 
the considerations of s a f e t y place f u r t h e r demands upon the need f o r 
leak t i g h t n e s s . Reactors should be designed to f a i l safe i n the event 
of l o ss of power, a i r or hydrogen. P r i o r to unloading of the reactor, 
i t i s e s s e n t i a l t o purge remaining traces of t o x i c gases and also 
hydrogen from the growth zone. A l t e r n a t i v e methods to unloading 
d i r e c t l y i n t o the atmosphere are to use glove boxes and load locks. 
Both of these a l t e r n a t i v e s can be cumbersome to use. Within production 
f a c i l i t i e s , the i d e n t i f i c a t i o n of r i s k s , and the design, 
implementation, and monitoring of safe operating procedures i s 
e s s e n t i a l . This i s e s p e c i a l l y important f o r workers who may be 
op e r a t i n g the reactor r e p e t i t i v e l y on a ten runs per week basis. The 
use of i n t e r l o c k s to prevent unloading w h i l s t t o x i c gases are f l o w i n g , 
and to prevent access to extracted areas during growth i s desirable. 
Gas Containment upon Equipment F a i l u r e 
There are several measures th a t can be taken to l i m i t the e f f e c t 
of component f a i l u r e s upon personnel. The most commonly expected 
serious f a i l u r e i s b u r s t i n g or detachment of the diaphragm of the 
pressure r e g u l a t o r s , which reduce the pressure of the t o x i c gases down 
to -1 bar. Under these circumstances, r e a c t o r components are subjected 
to pressures beyond t h e i r s p e c i f i e d l i m i t s , and leakage to the 
surrounding atmosphere may occur. The extent of t h i s problem may be 
reduced considerably by the use of several safety features. The f i r s t 
measure i s to use gas c y l i n d e r s which are f i t t e d w i t h r e s t r i c t e d 
output o r i f i c e s , such that only a l i m i t e d flow can occur, which can be 
handled by the remainder of the system. This measure has now been 
almost u n i v e r s a l l y adopted. Another feature i s to f i t the bonnets of 
r e g u l a t o r s w i t h vent pipes which route gas to remote exhausts away 
from operators. The s i t i n g of gas cabinets i n extracted rooms separate 
to the main MOVPE work areas f u r t h e r i s o l a t e s the most hazardous 
modules from personnel. The use of flow l i m i t i n g valves i n t o x i c gas 
l i n e s , which sense that the flow r a t e of gas has exceeded a threshold 
value and then a u t o m a t i c a l l y shut o f f a l l flow i s d e s i r a b l e , though 
the tendency of some models to shut o f f f o r no apparent reason has 
l i m i t e d t h e i r widespread use. 
The use o f t o x i c gas monitors to close down au t o m a t i c a l l y the 
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MOVPE process can be extended to t r i g g e r f u r t h e r s a f e t y features. 
Clean-rooms need a p o s i t i v e pressure compared w i t h e x t e r n a l c o r r i d o r 
and work areas, and MOVPE f a c i l i t i e s are no exception to t h i s 
requirement. To reduce the spreading e f f e c t s of a t o x i c gas release, 
monitors can a u t o m a t i c a l l y t r i p f u r t h e r e x t r a c t i o n fans i n t o operation 
to provide an o v e r a l l negative pressure i n the a f f e c t e d l a b o r a t o r y , 
w h i l s t maintaining a high input flow of a i r to sweep the t o x i c gases 
out. High pressure shut o f f valves, located on the high pressure side 
of r e g u l a t o r s , have r e c e n t l y become a v a i l a b l e . These can be 
au t o m a t i c a l l y t r i g g e r e d shut, and i n the event of f i r e , the a i r supply 
to them can be terminated by the melting of the p l a s t i c pipes. 
Cylinder Changing, Handling and Storage 
The highest l e v e l of r i s k encountered during MOVPE operations i s 
d u r i n g the changing of gas c y l i n d e r s . The c y l i n d e r i s removed from the 
above s a f e t y f e a t u r e s , and the engineer i s r e l i a n t upon the gas 
c y l i n d e r being t i g h t l y closed p r i o r to removal of the p r o t e c t i v e cap. 
I t i s now normal f o r personnel to wear sel f - c o n t a i n e d p o s i t i v e 
pressure breathing apparatus f o r p r o t e c t i o n , and to exclude other 
people from the immediate area w h i l s t the c y l i n d e r s are changed. 
P r i o r to removal of a t o x i c gas c y l i n d e r from a gas cabinet, any 
over-pressure of the gas i s r e l i e v e d , and the pipework, i n c l u d i n g the 
r e g u l a t o r assembly, i s purged w i t h e i t h e r n i t r o g e n or hydrogen. The 
pipework through to the c y l i n d e r valve i s then evacuated to remove any 
remaining traces of t o x i c gases. 
Cylinders have to be handled w i t h care during t r a n s p o r t a t i o n , 
even though they are designed and tested to withstand severe impacts. 
I t i s necessary to ensure that a l l s t a f f responsible f o r the movement 
of t o x i c gases are aware of the nature of the hazards. Cylinders 
should be stored i n open v e n t i l a t e d areas, which are secure from 
tampering. 
There are l e g a l l i m i t s on the amount of arsine and phosphine that 
can be present at any one l o c a t i o n . For a r s i n e , the l e v e l i s 10kg, 
equivalent to only four normally sized c y l i n d e r s of pure arsine. 
Companies wishing to exceed these l i m i t s must subject themselves to 
rigo r o u s s c r u t i n y and communicate the hazardous nature of t h e i r 
operations to the l o c a l a u t h o r i t i e s . The l a t t e r a c t i o n i s i n any case 
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s e n s i b l e , should a major problem such as f i r e occur that would involve 
emergency se r v i c e s , or i n the case of f i r e i n the v i c i n i t y of the gas 
c y l i n d e r s , evacuation of the immediately surrounding population. 
Medical Aspects of Exposure to Arsine and Phosphine 
The a v a i l a b l e medical knowledge upon the e f f e c t s of exposure to 
ars i n e and phosphine i s l i m i t e d . This i s due to the low l e v e l of 
in c i d e n t s which have occurred using these gases; to the author's 
knowledge, no severe exposure to the gases has ever taken place i n an 
MOVPE f a c i l i t y . One accident t h a t has been reported was the exposure 
of dock workers to arsine w h i l s t i n v e s t i g a t i n g the contents of a 
ship's hold, i n which a le a k i n g c y l i n d e r of gas was present [194]. The 
workers were t r e a t e d , and subsequently made a f u l l recovery, 
i n d i c a t i n g that the e f f e c t s of exposure to arsine are acute rather 
than chronic. Arsine a f f e c t s the oxygen c a r r y i n g a b i l i t y of blood, so 
several changes of blood are necessary when t r e a t i n g p a t i e n t s . 
The associated compounds of arsenic are also poisonous, arseneous 
oxide being a carcinogen. The r o u t i n e monitoring of arsenic l e v e l s i n 
workers i s d e s i r a b l e , however many of the methods t r i e d such as blood, 
h a i r and u r i n e sampling have proved u n r e l i a b l e . 
Arsine and Phosphine Monitoring 
To ensure that workers are not exposed to arsine and phosphine 
and to determine the content of exhaust gases released to the 
atmosphere, i t i s necessary to monitor continuously the working 
environment. There are several types of monitor commercially 
a v a i l a b l e . One type f u n c t i o n s by de t e c t i n g chemiluminescent emissions 
from the gases, and a more commonly used type determines the 
transparency of a chemically impregnated paper tape that darkens upon 
exposure to the gases. I n each case, a high avoidance of f a l s e alarms 
i s r e q u i r e d , to ensure that operators' respect f o r the system i s 
r e t a i n e d , and to avoid unnecessary production losses. This can only be 
achieved by the use of d e t e c t i o n systems th a t are very s p e c i f i c to the 
gases being monitored, and exclude f o r example, traces of hydrogen. 
Mo n i t o r i n g systems are u s u a l l y remote from the MOVPE reactors to 
f a c i l i t a t e d e c i s i o n making i n the event of an emission of gas i n the 
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l a b o r a t o r y . The need f o r m u l t i - p o i n t systems, at a reasonable cost, 
can lead t o s i g n i f i c a n t response delays. I t i s both necessary to 
monitor f o r gas releases and act immediately, and also to i d e n t i f y the 
a f f e c t e d area so th a t c o r r e c t i v e a c t i o n can subsequently be taken. For 
t h i s t o be achieved, i t i s d e s i r a b l e to operate two systems, one 
d e t e c t i n g several channels simultaneously, and the other s e r i a l l y 
p o l l i n g through d i f f e r e n t channels. Alarm and automatic close down 
si g n a l s are then generated accordingly. Upon d e t e c t i o n of high l e v e l s 
of t o x i c gases, evacuation of the l a b o r a t o r y , and i f necessary the 
surrounding b u i l d i n g s , can be ordered. 
One problem w i t h monitoring systems, i s that a high gas l e v e l on 
one s e r i a l l y addressed channel, can lead to cross t a l k onto a 
neighbouring channel. This i s p a r t i c u l a r l y s i g n i f i c a n t i f a poorly 
scrubbed exhaust i s being monitored along w i t h a working atmosphere. 
A l l o f the above requirements r e s u l t i n the adoption of a f a i r l y 
complex group o f measurement equipment, which c o n s t i t u t e s both an 
increase i n c a p i t a l cost, and r o u t i n e expenditure upon consumables and 
s e r v i c i n g . 
A l t e r n a t i v e Group V Sources 
The need f o r a l t e r n a t i v e group V sources f o r reasons r e l a t i n g to 
c o n t r o l o f e p i t a x i a l composition has been discussed previously. The 
r e l a t i v e p y r o l y s i s i n e f f i c i e n c y o f phosphine i n p a r t i c u l a r , also 
causes unwanted lo a d i n g of scrubbing f a c i l i t i e s . A major reason f o r 
the hazardous nature of a r s i n e and phosphine i s that they are supplied 
as gaseous mixtures at c y l i n d e r pressures of over a hundred bar. This 
enhances the spreading r a t e of any a c c i d e n t a l release. The use of pure 
gas sources of a r s i n e and phosphine, which are l i q u e f i e d and have 
c y l i n d e r pressures of =14 bar and ^0 bar r e s p e c t i v e l y , reduces the 
release r a t e from the c y l i n d e r . 
I t i s d e s i r a b l e t o f i n d a l t e r n a t i v e sources to arsine and 
phosphine, which i d e a l l y are, non-toxic, l i q u i d s at room temperature, 
and pyrolyse e f f i c i e n t l y . The f i r s t o b j e c t i v e i s u n l i k e l y to be 
r e a l i s e d f o r arsenic sources, however the reduced emission r i s k s 
associated w i t h l i q u i d bubbled sources of group V elements has 
encouraged work i n t h i s f i e l d . A l k y l type sources such as 
t e r t i a r y b u t y l a r s i n e are now being marketed by both conventional 
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metal-organic s u p p l i e r s , and also gas companies who a n t i c i p a t e f u r t h e r 
r e s t r i c t i o n s on the use of arsine and phosphine. 
Environmental P r o t e c t i o n 
The t o x i c i t y of the hydrides and other compounds of arsenic, also 
g i v e cause f o r concern regarding a i r p o l l u t i o n . During the e a r l y days 
of MOVPE, i t was normal to exhaust waste gases d i r e c t l y to the 
atmosphere, a l b e i t d i l u t e d w i t h s i g n i f i c a n t amounts of a i r or 
ni t r o g e n . Whilst t h i s p r a c t i c e was acceptable f o r workers i n the 
immediate v i c i n i t y , the compounds of arsine had to come to r e s t 
somewhere. Over the l a s t few years, environmental concern has 
increased, p a r t i c u l a r l y i n the U.S.A., such that i t has become 
d i f f i c u l t f o r some companies to gain licences to operate MOVPE 
rea c t o r s . I t has become common to scrub the output gases from MOVPE 
re a c t o r s , maintaining the amounts of t o x i c gases released to below TLV 
concentrations, or b e t t e r s t i l l , to undetectable l e v e l s . Emission 
l e v e l s of a r s i n e and phosphine are monitored i n the same manner as 
w i t h i n l a b o r a t o r i e s . 
One method of e l i m i n a t i n g the hydrides, i s by combustion i n a 
flame stack. However, t h i s produces t o x i c oxides, which require wet 
scrubbing, or subsequent f i l t r a t i o n to render the output harmless. 
Charcoal Adsorption 
Charcoal can act as a very good adsorber of gases, i n c l u d i n g 
a r s i n e and phosphine [195]. The e f f e c t can be enhanced or ac t i v a t e d by 
the a d d i t i o n of trace elements to the charcoal. A simple method of 
MOVPE exhaust scrubbing i s to pass the gases through a c t i v a t e d 
charcoal. The volume of charcoal can be small, i n which case i t has to 
be changed each growth run, whereas a large drum of a c t i v a t e d charcoal 
can scrub the exhaust of several reactors f o r several hundred growth 
runs. Once removed from the r e a c t o r s , the charcoal has to be disposed 
o f , and since the contents are s t i l l t o x i c , there remains concern 
regarding t h i s method of gas scrubbing. 
The a r s i n e and phosphine adsorbed onto the charcoal, i s s t i l l 
e x o t h e r m i c a l l y r e a c t i v e w i t h oxygen. Should a i r enter the container, 
the temperature can r i s e s i g n i f i c a n t l y , presenting both a f i r e hazard 
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and also causing desorption of the hydrides. A simple way around t h i s 
problem, i s to add oxygen or a i r to the MOVPE exhaust gases p r i o r to 
the charcoal scrubber. This treatment has been found to produce a 
s t a b l e chemical mixture w i t h i n the charcoal, and to enhance the t o t a l 
a dsorption capacity. 
Wet Scrubbers 
The a l t e r n a t i v e method f o r t o x i c gas scrubbing, i s to chemically 
react the gases w i t h aqueous s o l u t i o n s of s u i t a b l e compounds. For 
scrubbing arsine and phosphine, an o x i d i s i n g s o l u t i o n of sodium 
h y p o c h l o r i t e and a l k a l i n e sodium hydroxide i s used. The gases are 
passed through a v e n t u r i spray and are then forced through f i n e meshes 
which are continuously sprayed w i t h scrubbing s o l u t i o n . Scrubbing 
e f f i c i e n c i e s of b e t t e r than 99.9% can be achieved. 
The r e a c t i o n chemistry i s not completely understood, but i s 
thought to f o l l o w the equations: 
PH„ + 4NaOCl + 3NaOH ^ Na„PO, + 4NaCl + 3H„0 3 3 4 2 
AsH^ + 4NaOCl + 3NaOH ^ Na^AsO^ + 4NaCl + 3H2O 
I t i s important to maintain the redox p o t e n t i a l of the scrubbing 
s o l u t i o n a t a high value to obt a i n good e f f i c i e n c y . 
The advantages of t h i s technique are that r e l a t i v e l y safe arsenic 
and phosphorus s a l t s are produced i n s o l u t i o n . The l i q u i d waste has 
s t i l l to be disposed o f , however there i s some i n t e r e s t i n i t being 
reprocessed. The disadvantages are that considerable q u a n t i t i e s of 
scrubbing reactants are requ i r e d , and the l i q u i d nature of the process 
can lead to s p i l l a g e s . 
The author has used both charcoal adsorption scrubbers and sodium 
h y p o c h l o r i t e based l i q u i d scrubbers, and has found the former to be 
the more r e l i a b l e . However f u r t h e r work i s needed to understand the 




During the l a t e 1980's, devices con t a i n i n g e p i t a x i a l layers of 
InP and (GaIn)(AsP) a l l o y s grown by MOVPE, have been t r a n s f e r r e d 
s u c c e s s f u l l y from development l a b o r a t o r i e s to production houses. These 
devices are d i s c r e t e , and are analogous to e a r l y s i l i c o n t r a n s i s t o r s . 
The growth of the l a y e r s to date, has taken place upon s i n g l e two inch 
diameter substrates, and a high degree of l a t t i c e matching of layers 
to substrates has been sought a f t e r . 
Future developments w i l l be associated w i t h the economies of 
scale obtained by multi-wafer epitaxy, and w i t h a d r i v e towards 
i n t e g r a t i o n of e l e c t r o n i c and o p t o - e l e c t r o n i c components. Small scale 
i n t e g r a t i o n has been reported f o r photo-diodes w i t h f i r s t stage FET 
a m p l i f i e r s [ 4 ] , and f o r the i n t e g r a t i o n of DFB lasers w i t h monitor 
photo-diodes [197,198]. The i n t e g r a t i o n of lasers w i t h d r i v i n g 
t r a n s i s t o r s also has been demonstrated [199]. The i n t e g r a t i o n of 
f u r t h e r components however, such as complete la s e r monitor and d r i v i n g 
c i r c u i t s , or complete repeater c i r c u i t s , requires that major 
improvements i n wafer u n i f o r m i t y and size be achieved. 
There has been much speculation upon the f e a s i b i l i t y of the 
growth of I I I / V e p i t a x i a l layers upon s i l i c o n substrates, the 
ob j e c t i v e s ranging from lowering substrate costs, to the i n t e g r a t i o n 
of s i l i c o n i n t e g r a t e d c i r c u i t s w i t h o p t o - e l e c t r o n i c components. The 
performance of computers i s beginning to become l i m i t e d by the long 
i n f o r m a t i o n transmission times between processors and across chips, 
the use of o p t i c a l s i g n a l s to transmit i n f o r m a t i o n would circumvent 
t h i s problem. The growth of la s e r s upon s i l i c o n substrates has been 
demonstrated, but severe problems remain w i t h the e l i m i n a t i o n of 
defec t s , and w i t h device degradation [200]. 
I t would appear that MOVPE i s l i k e l y to remain a popular c r y s t a l 
growth technique f o r some time, even though the exact form may change 
to embrace MOMBE. The problems associated w i t h the t o x i c i t y of the 
group V hydride sources, may be overcome w i t h the advent of high 
q u a l i t y organic group V precursors. The move away from the use of 




Atmospheric Pressure Reactor B at STL 
The m a j o r i t y of the work reported i n t h i s t hesis was undertaken 
upon MOVPE rea c t o r B at STL. The gas c i r c u i t of t h i s apparatus i s 
shown i n f i g u r e ( A . l ) , and the f r o n t - p i e c e of the thesis shows 
photographs of the rea c t o r . The system was h e a v i l y modified during the 
work, and i s described i n i t s f i n a l form upon the author's departure 
from STL. 
The r e a c t o r was o r i g i n a l l y constructed e n t i r e l y at STL by 
E.J.Thrush and L.Beeson i n 1983. 
Vent-Run Design 
The r e a c t o r i s of a conventional vent-run design u t i l i s i n g f a s t 
s w i t c h i n g valve manifolds purchased from Thomas Swan & Co. The 
vent-run design allows reactants to be passed through pipework p r i o r 
to being d i r e c t e d i n t o the reactor, enabling adsorption and desorption 
processes to e q u i l i b r a t e , and a l l o w i n g s t a b l e conditions to be 
obtained w i t h i n the metal-organic bubblers. The f i n a l s e l e c t i o n of 
reactants f o r growth was determined by the valve manifolds switching 
the flows from vent to run, and the manifolds were positioned as close 
as possible t o the r e a c t i o n chamber, to prevent gas d i f f u s i o n causing 
d i f f u s e h e t e r o - i n t e r f a c e s . Two manifolds were used, one f o r arsine and 
phosphine and the second f o r other reactants. This allowed mixing of 
hydrides and a l k y l s t o take place i n the r e a c t i o n tube, so avoiding 
long lengths of pipes or dead volumes where pre-reactions could cause 
d e p o s i t i o n of unwanted compounds. 
A glass tube packed w i t h quartz wool, was introduced i n t o the 
vent l i n e t o allow room temperature reactions between the metal-alkyls 
and the hydrides to be observed. 
Pressure and Flow Balanci ng 
The flow of gas to the r e a c t i o n chamber was dependent upon a 
s t a b l e pressure being maintained i n the a l k y l bubblers. This was 
achieved by dynamically pressure balancing the vent and run l i n e s to 
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the same pressure, using a d i f f e r e n t i a l baratron transducer to 
determine any pressure discrepancy. The s i g n a l from t h i s transducer 
was used by an e l e c t r o n i c system to c o n t r o l a valve that allowed 
n i t r o g e n to be added to the vent l i n e , down stream of the switching 
manifold. An impedance i n the vent l i n e caused the pressure to change 
according to the amount of n i t r o g e n added. 
Further f i n e c o n t r o l of reactor pressure was possible by 
mainta i n i n g the same t o t a l flow r a t e of reactants through the growth 
tube by adding a d d i t i o n a l v a r i a b l e amounts of hydrogen to two f u r t h e r 
vent-run valves. 
The re a c t o r ran at s l i g h t l y above atmospheric pressure, the exact 
pressure being determined by the exhaust impedance, e x t r a c t i o n , and 
barometric c o n d i t i o n s . 
Mass Flow C o n t r o l l e r s and Reactant Lines 
Most of the mass flow c o n t r o l l e r s were purchased from Unit 
Instruments, w i t h c r i t i c a l dopant and matrix elements u t i l i s i n g 
c o n t r o l l e r s w i t h an auto-zero c a p a b i l i t y . One of the t r i m e t h y l g a l l i u m 
l i n e s had the f a c i l i t y to add f u r t h e r hydrogen, enabling the manifold 
gas i n j e c t i o n v e l o c i t y to be va r i e d without changing the mole f r a c t i o n 
of t r i m e t h y l g a l l i u m reaching the r e a c t i o n tube. The tri m e t h y l i n d i u m 
l i n e incorporated an u l t r a s o n i c reagent concentration monitor which 
has been described i n chapter ( 4 ) . The tr i m e t h y l i n d i u m l i n e s and 
valves were heated throughout t h e i r length to avoid condensation since 
the source was held at 50°C. 
The sources were i s o l a t e d from the r e s t of the reactor by 
normally closed a i r operated valves. Normally open valves were used i n 
tandem w i t h the i s o l a t i o n valves to allow a flow of hydrogen to pass 
to the mass flow c o n t r o l l e r s when the reactants were i s o l a t e d . 
Metal-Organic Sources 
Four metal-organic sources were used, t r i m e t h y l i n d i u m , two 
t r i m e t h y l g a l l i u m and one ferrocene. The source temperatures were 50°C, 
-10°C and -7°C r e s p e c t i v e l y . Each was held i n a water bath, c o n t r o l l e d 
t o b e t t e r than 0.1''C, except the t r i m e t h y l i n d i u m which was held i n a 
bath c o n t a i n i n g high f l a s h point o i l . 
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Gaseous Sources 
The main hydrogen supply to the reactor was p u r i f i e d using a 
palladium d i f f u s e r . Nitrogen, used during unloading of the reactor was 
d r i e d by passing i t through a molecular sieve. 
The dopants used were dimethylzinc, s i l a n e and hydrogen selenide, 
mainly supplied from commercial gas c y l i n d e r s . Arsine was used at a 
concentration of lOZ, and phosphine was used at 100%. The hydride 
r e g u l a t o r assemblies could be purged and leak tested, and flow l i m i t 
valves were f i t t e d . Molecular sieves were used to dry the arsine and 
phosphine. 
Reaction Chamber 
The r e a c t i o n chamber was based upon the Bass c e l l design [196], 
modified to allow separate i n j e c t i o n of group V and group I I I 
r e a c t a n t s . The chamber was manufactured from c i r c u l a r cross section 
quartz glass. This design probably suffered from considerable s w i r l i n g 
of the gases due to the large entrance angle where the diameter of the 
tube changed from 10mm to 35mm. The r e a c t i o n tube incorporated a water 
j a c k e t , a l l o w i n g the temperature of the tube to be c o n t r o l l e d from 
-13''C to 70°C. A small nozzle was introduced at the entrance to the 
rea c t o r tube to induce gas mixing. 
The substrates were positioned upon a s i l i c o n carbide coated 
g r a p h i t e susceptor which was angled i n the gas stream, w i t h the rear 
of the susceptor rai s e d to the centre of the tube. A h a l f of a two 
inch diameter wafer could be grown upon i n one growth run. The 
susceptor was i n d u c t i v e l y heated using an RF f i e l d from a h e l i c a l c o i l 
surrounding the growth tube. 
Exhaust and Toxic Gas Monitoring 
The exhaust gases were f i r s t taken to a small charcoal f i l t e r 
close to the r e a c t i o n chamber where p a r t i c u l a t e arsenic dust and 
phosphorus was removed from the gas stream. The gases were then taken 
to a l a r g e drum of a c t i v a t e d charcoal, where the arsine and phosphine 
was adsorbed to prevent discharge of t o x i c gases i n t o the atmosphere. 
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The exhaust was measured f o r breakthrough of t o x i c gases using an 
arsine-phosphine monitor. 
The work areas and gas cabinet were also monitored f o r t o x i c gas 
l e v e l s using an arsine-phosphine detector, and the gas system and 
r e a c t i o n chamber were housed i n extracted enclosures. 
Computer Control and I n - s i t u Monitoring 
The mass flow c o n t r o l l e r s , susceptor temperature, vent-run 
valves, and source i s o l a t i o n valves were a l l computer c o n t r o l l e d using 
software supplied by Thomas Swan & Co. The computer also recorded flow 
r a t e s , valve s t a t e s , bath and l i n e temperatures, susceptor 
temperature, d i f f e r e n t i a l and reactor pressure, and water vapour 
l e v e l s a v a i l a b l e from hygrometers placed i n the gas l i n e s . An oxygen 
monitor was also used to detect oxygen contamination of the system 
down to 0.02ppm l e v e l s . 
Leak Testing and Vacuum System 
A comprehensive vacuum manifold allowed a vacuum to be applied 
s e l e c t i v e l y to many areas of the reactor. This was used f o r 
regeneration of the molecular sieves, and to enable helium leak 
checking of the r e a c t o r . This was undertaken to ensure safe operation 
of the system, and to e l i m i n a t e ingress of a i r and moisture which 
would a f f e c t the q u a l i t y of the epitaxy. Helium leak checking was 
-9 -1 
performed down to 3.10 mbls a i r equivalent, and vacuums of 
= 5.10"^ t o r r were obtained f o r the complete reactor. 
-129-
Acknowledgements 
The work d e t a i l e d i n t h i s t hesis would not have been possible 
w i t h o u t the e f f o r t s o f many other people. I would l i k e to thank my 
colleagues at S.T.L., notably George A n t e l l , Derek Bolger, Alan 
Briggs, C l i f f Cureton, Nobby Denton, Brian G a r r a t t , Rick Glew, David 
Greene, J u l i a Jowett, S a l l y K i t c h i n g , K e i t h S c a r r o t t , John Stagg, Joe 
Tr i g g , and Ted Thrush; f o r help, s t i m u l a t i n g discussions, and patience 
on the occasions when the MOVPE reactor d e f i e d my e f f o r t s to persuade 
i t to f u n c t i o n c o r r e c t l y -
Exchange of i n f o r m a t i o n between the JOERs partners, namely 
Plessey, BTRL, Oxford U n i v e r s i t y , UMIST, Queen Mary College, St 
Andrews U n i v e r s i t y , Epichem L t d , and Loughborough Consultants, led to 
major progress i n MOVPE i n the U.K., and I wish to acknowledge the 
c o n t r i b u t i o n that these establishments have i n d i r e c t l y made to t h i s 
t h e s i s . 
Dr Nick C o l l i n g s and Dr Rex B r i t t e r of Cambridge U n i v e r s i t y 
Engineering Department gave valuable assistance w i t h f l u i d dynamic 
modelling of gas flows. I am p a r t i c u l a r l y indebted to Dr D.J.Nicholas 
of UMIST S o l i d State E l e c t r o n i c s group f o r the low temperature 
photoluminescence r e s u l t s , Dr A.Norman of Oxford U n i v e r s i t y Metallurgy 
Department f o r the TEM work, and Dr D.Sykes and Dr A.Chew of 
Loughborough Consultants f o r SIMS an a l y s i s . 
Valuable discussions were held w i t h colleagues i n North America 
from A.T&T B e l l Labs, B e l l c o r e , and B e l l Northern Research. 
Professor J.Woods of the Applied Physics Department at the 
U n i v e r s i t y of Durham has assisted i n the submission of t h i s work f o r 
the MSc degree. 
The work at S.T.L. was funded by STC pic and by the Department of 
Trade and I n d u s t r y under the J o i n t Opto-Electronics Research Scheme 
(JOERS). I would l i k e to thank the O p t i c a l Devices D i v i s i o n of STC 
Defence Systems f o r permission t o release t h i s t h e s i s . 
Assistance i n proof reading was given by Tina D o r l i n g and Mr.& 
Mrs. B u t l e r , and ty p i n g assistance was given by V.Trudgen and S.Elven. 
References 
1. K.C.Kao, G.A.Hockman; lEE Proceedings Vol.133, Pt.J, No.3, June 
1986, pp 191-198. F i r s t published i n lEE Proceedings, July 1966. 
2. J.Gowar; O p t i c a l Communication Systems, Prentice H a l l 
I n t e r n a t i o n a l , London. 
3. J.R.Stern, C.E.Hoppit, D.B.Payne, M.H.Reeve, K.Oakley; 14th 
European Conference on O p t i c a l Communications, Brighton, 11-15 
Sept, 1988, part 1, pp 203-206. 
4. P.Dawe, D.Spear, W.Lee, G.Antell, S.Bland; 14th European 
Conference on O p t i c a l Communications, Brighton, 11-15 Sept, 1988, 
part 2, pp 21-24. 
5. I n t e r n a l STC Document. 
6. G.H.Olsen; VPE of GalnAsP, GalnAsP Semiconductors, Wiley, 1982, 
pp 11-41. 
7. H.Manasevit, Recollect ions and Re f l e c t i o n s of MOCVD, Journal of 
Cr y s t a l Growth, 55(1981). 
8. A.Y.Cho; Thin S o l i d Films, Vol 100, pp 291-315. 
9. C.T.Foxen, B.A.Joyce, from a course on o p t i c a l communications at 
Essex U n i v e r s i t y , U.K., March 1988. 
10. T h i r d B i e n n i a l OMVPE Workshop, Brewster, Massachussettes, U.S.A., 
21-23 Sept 1987. 
11. G.Stringfellow; T h i r d B i e n n i a l OMVPE Workshop, Brewster, 
Massachussettes, U.S.A., 21-23 Sept 1987. 
12. R.Bhat; J.Elec.Materials, 14(4),1985, pp 443-448. 
13. M.Naitoh, M.Umeno; Jap.J.App Phys, 26(9), Sept 1987, 
pp L1538-L1539. 
14. R.M.Lum, J.K.Klingert, M.G.Lamont; J.Crystal Growth; 89(1988), 
pp 137-142. 
15. M.Koppitz, O.Vestavick, W.Pletschen, A.Mircea, M.Heyan, 
W.Richter; J.Crystal Growth, 68(1984), pp 136-141. 
16. T.F.Kuech, E.Veuhoff; J.Crystal Growth, Proceedings of the 1984 
MOVPE conference, pp 148-156. 
17. N.Buchan, C.Larsen, G.Stringfellow; App.Phys.Lett, 51(13), 28 
Sept 1987, pp 1024-1026. 
18. R.Moss, J.Evans; J.Crystal Growth, 55(1981) pp 129-134. 
19. J.P.Duchemin, J.P.Hirtz, M.Razeghi, M.Bonnet, S.Hersee; J.Crystal 
Growth, 55(1981) pp 64-73. 
20. M.Razeghi, M.Poison, J.P.Larivain, J.P.Duchemin; J.Elec. 
M a t e r i a l s , 12(2), 1983. 
21. C.Cheng, K.Jones, K.Motyl; Prog.Crystal Growth and Charact., 
1986, Vol 12, pp 319-333. 
22. G.E.Coates; Organo-Metallic Compounds; Methuin & Co, 1960. 
23. S.Bass, M.Skolnick, H.Chudzynska, L.Smith; J.Crystal Growth, 
75(1986), pp 221-226. 
24. Q.M.C. rep o r t to JOERS, 1988. 
25. K.Fry, C.Kuo, C.Larsen, R.Cohen, G.Stringfellow, A.Mellas; 
J.Elec. M a t e r i a l s , 15(2), March 1986, pp 91-96. 
26. S.Sugou, A.Kameyama, H.Katsuda, Y.Miyamoto, K.Furuya, Y.Suematsu; 
E l e c . L e t t . , 24.11.83, 19(24), pp 1036-1037. 
27. R.Bhat, M.Koza, B.Skromrae; App.Phys.Lett, 50(17), 27.4.87, 
pp 1194-1196. 
28. C.Chen, C.Larsen, G.Stringfellow; I n s t . o f Physics conference 
se r i e s 83, chap 3, (GaAs and r e l a t e d compounds 1986). 
29. C.H.Chen, D.S.Cao, G.B.Stringfellow; J.Elec.Mat., 17(1), 1988, 
pp 67-73. 
30. D.Bradley, M.Faktor, M.Scott, E.White; J.Crystal Growth, 
75(1986), pp 101-106. 
31. S.Adachi; J.Appl.Phys, 53(12), Dec.1982, pp 8775-8791. 
32. E.J.Thrush, C.G.Cureton, J.M.Trigg, J.P.Stagg, B.R.Butler; 
Chemtronics, June 1987, Vol.2, pp 62-68. 
33. A.R.Clawson; J.Vac.Sci.Technology A; 3 ( 3 ) , May 1985, 
pp 1040-1041. 
34. A.R.Clawson, D.I.Elder; J.Elec.Mat., Vol 15(2), March 1986, 
pp 111-116. 
35. A.T.R.Briggs, B.R.Butler; J.Crystal Growth, 85(1987), 
pp 535-542. 
36. E. Kuphal, Fliissigphasenepitaxie von InP/In, Ga P-, As 
1 — X X -1-—y y 
- Heterostrukturen. T e i l I I : E l e k t r i s c h e Eigenschaften von InP und 
I n ^ 33GaQ ^^As, Techn. B e r i c h t , 65, TBr 20 des FI der DBP 
beim FTZ (1982). 
37. W. Walukiewicz, J. Lagowski, L. Ja s t r z e b s k i , P. Rava, M. 
L i c h t e n s t e i g e r , C.H. Gatos and H.C. Gatos, Journal of Applied 
Physics, 51(5), May 1980, pp 2659-2668. 
38. T. Ambridge, J.L. Stevenson and R.M. R e d s t a l l , Journal of the 
Electrochemical Society, 127, ( 1 ) , Jan. 1980, pp 222-228. 
39. S.J. Bass, C. Pic k e r i n g and M.L. Young, Journal of C r y s t a l 
Growth, 64, (1983) pp 68-75. 
40. C.C. Hsu, J.S. Yuan, R.M. Cohen and G.B. S t r i n g f e l l o w , Journal of 
C r y s t a l Growth, 74, (1986) pp 535-542. 
41. K. Uwai, 0. Mikami, N. Susa; E l e c t r o n i c L e t t ; 14 Feb. 1985, Vol 
21 ( 4 ) , pp 131-132. 
42. S.J. Bass and M.L. Young, Journal of C r y s t a l Growth, 68, (1984), 
pp 311-318. 
43. A.M. Huber, M. Razeghi and G. M o r i l l o t , Gallium Arsenide and 
Related Compounds 1984, I n s t i t u t e of Physics Conference Series No 
74, Chapter 3, pp 223-228. 
44. S.J. Bass, Journal of C r y s t a l Growth, 47, (1979), pp 613-618. 
45. E. Veuhoff, T.F. Kuech and B.S. Meyerson, Journal of the 
Electrochemical Society, 132, 8 August 1985, pp 1958-1961. 
46. T.F. Keuch and R. Potemski, Applied Physics L e t t e r s , 47, ( 8 ) , 
15th October 1985, pp 821-823. 
47. H. G. B. Hicks and P.D. Greene, Gallium Arsenide and Related 
Compounds, I n s t i t u t e of Physics Conference Series, No.9, 1970, 
pp 92-99. 
48. M.E.Weiner, Journal of the Electrochemical Society, 119(4) A p r i l 
1972, pp 496-503. 
49. M.A. Di Forte-Poisson, C. B r y l i n s k i and J.P. Duchemin, Applied 
Physics L e t t e r s 46(5), 1st March 1985, pp 476-478. 
50. L.D. Zhu, K.T. Chan and J.M. Ballantyne, Applied Physics L e t t e r s , 
47(1), 1st J u l y 1985, pp 47-48. 
51. J.P. Andre, E.P. Menu, M. Erman, M.H. Meynadier and T. Ngo, 
Journal of E l e c t r o n i c M a t e r i a l s , 15, 2 March 1986, pp 71-74. 
52. A.H. Moore, M.D. Scott, J . I . Davies, D.C. Bradley, M.M. Faktor 
and H. Chudzynaska, Journal of C r y s t a l Growth, 77, (1986), 
pp 19-22. 
53. J.M.Boud et a l ; GeiAs and r e l a t e d compounds, Crete, 1987. 
54. K.Nakajiraa, S.Komiya, K.Akita, T.Yamaoka, O.Ryuzan; 
J.Electrochemical Society; So l i d State Science & Technology, July 
1980, pp 1568-1572. 
55. A.Rosiewicz, C.Park, B.Butler, C.Jones, M.Palin; lEE Proceedings 
( J ) , 132(6), Dec.'85, pp 319-324. 
56. T.Glisson, J.Hauser, M . L i t t l e j o h n , C.Williams, J.Electronic 
M a t e r i a l s , 7 ( 1 ) , 1978, pp 1-17. 
57. K.Nakajima, A.Yamaguchi, K.Akita, T.Kotani; J. Appl. Phys., 
49(12), 1978, pp 5944-5950. 
58. R.Nahory, M.Pollack, W.Johnston, R.Barns; Appl. Phys. L e t t . , 
33(7), 1978, pp 659-661. 
59. G.Olsen, C.Nuese, R.Smith; J.App.Phys.,49(11), Nov.'78, 
pp 5523-5529. 
60. E.Thrush, J.Whiteaway, G.Whale-Evans, D.Wight, A . C u l l i s ; 
J . C r y s t a l Growth, 68(1984) pp 412-421. 
61. P.Charsley, R.S.Deol; J.Crystal Growth, 74(1986), pp 663-666. 
62. S.J.Bass, not published. 
63. J.P.Andre, E.Menu, M.Erman, M.Meynadier, T.Ngo; J.Electronic 
M a t e r i a l s , 15(2), March 1986, pp 71-79. 
64. L.Zhu, P.Sulewski, K.Chan, K.Muro, J.Balantyne, A.Sievers; 
J.App.Phys, 58(8), 15.10.85, pp 3145-149. 
65. M.Kane, D.Anderson, L.Taylor, S.Bass; J.Surface Science, 
170(1986), pp 470-479. 
66. K.Chan, L.Zhu, J.Balantyne; App.Phys.Lett., 47(1), 1.7.85. 
67. L.Aina, M.Mattingley, R.Potter; App.Phys.Lett., 51(21), 23.11.87, 
pp 1735-1737. 
68. M.Kane, D.Anderson, L.Taylor, S.Bass; J.App.Phys., 60(2), 
15.7.86. 
69. A.Mircea,R.Mellet, B.Rose, D.Robein, H.Thibierge, G.Leroux, 
P.Daste, S.Godefroy, P.Ossart; J.Elec.Mat., 15(4), July'86, 
pp 205-213. 
70. M.Razeghi, B.de Cremoux, J.Duchemin; J.Crystal Growth, 68(1984), 
pp 389-397. 
71. M.Sato, M.Suzuki; Jap.J.App.Phys., 26(3), March'87, pp 428-433. 
72. A.Koukitu, H.Seki; J.Crystal Growth, 76(1986), pp 233-242. 
73. R.Nahory, M.Pollack, W.Johnston; App.Phys.Lett., 33(7), 1.10.78, 
pp 658-661. 
74. E.Kuphal; J.Crystal Growth, 67(1984), No.3, pp 441-457. 
75. J.Hayes, A.Adams, P.Greene; GalnAsP a l l o y semiconductors; e d i t o r 
T.Pearsall; Wiley & Sons, 1982, p 189. 
76. M.Faktor, Queen Mary College, London; P r i v a t e Communication, 
1986. 
77. J.Stagg; Chemtronics, 3 ( 1 ) , March'88, pp 44-49. 
78. O.Kayser, H.Heinecke, A.Brauers, H.Luth, P.Balk; Chemtronics, 3, 
June '88, pp 90-93. 
79. S.Bass, R.S.R.E; p r i v a t e communication, 1987. 
80. A.Mircea, R.Azoulay, L.Dugrand, R.Mellet, K.Rao, M . S a c i l o t t i ; 
J.Elec.Mat., 13(3), 1984, pp 603-620. 
81. B.S.Massey; Mechanics of f l u i d s . Van Nostrand Reinhold (UK), 5th 
ed., ISBN 044230552-4. 
82. Experiments undertaken during 1987 at the U n i v e r s i t y of Cambridge 
Department of Engineering. 
83. C.Baauw, C.Miner; J.Crystal Growth, 84(1987), pp 191-195. 
84. J.Crank; The Mathematics of D i f f u s i o n ; 1975, 2nd ed., Oxford, 
Clarendon, ISBN 0198534116. 
85. W.Boynton, W.Brattain, I n t e r n a t i o n a l C r i t i c a l Tables, Vol 5, 
McGraw H i l l , 1929, pp 62-63. 
86. M.M.Faktor, I . G a r r e t t ; Growth of Crystals from the Vapour; 
Chapman and H a l l , 1974, ISBN 0412113201, p 169. 
87. E.Johnson, G.Legg; SPIE Vol 796, Growth of Compound 
Semiconductors. 
88. N.Mason, P.Walker; 2nd European Workshop on MOVPE, St. Andrews, 
Scotland, June 1988, PS7-70. 
89. C.Goodings, N.Mason, P.Walker, D.Jebb; 2nd European Workshop on 
MOVPE, St. Andrews, Scotland, June 1988, PS7-71. 
90. J.Duchemin, M.Razeghi, J . H i r t z , M.Bonnet; I n s t . Phys. Conf. Ser. 
No 63, Chapter 3, (GaAs and r e l a t e d compounds, 1981), pp 89-94. 
91. P.Spurdens, A.Nelson, S.Cole, R,Walling, D.Button; 3rd b i e n n i a l 
MOVPE workshop, Brewster, Mass., U.S.A, Sept. 1987. 
92. H.Haspekto, U.Biittner, E.Sasse, U.Konig; Journal of Cryst a l 
Growth, 84(1987), pp 196-198. 
93. M.Di Forte-Poisson, C . B r y l i n s k i , J.Duchemin; App.Phys.Lett., 
46(5), 1.3.85, pp 476-478. 
94. C.Hsu, J.Yuan, R.Cohen, G.Stringfellow; J.Crystal Growth, 
74(1986), pp 535-542. 
95. C.Hsu, J.Yuan, R.Cohen, G.Stringfellow; J.App.Phys., 59(2), 
15.1.86, pp 395-398. 
96. A.Clawson, T.Vu, D.Elder; J.Crystal Growth, 83(1987), pp 211-218. 
97. T.Kuech, E.Veuhoff, B.Mayerson; J.Crystal Growth; 68(1984), 
pp 48-53. 
98. E.Woelk, H.Beneking; J.App.Phys., 63(8), 15.4.88, pp 2874-2876. 
99. T.Kawabata, H.Ishiguro, S.Koike; J.App.Phys., 64(7), 1.10.88, 
pp 3684-3688. 
100. P.Spier, U.Koerner, A.Nowitzki, F.Grotjahn, F.Tegude, K.Wunstal; 
(SEL, Germany), unpublished. 
101. A.Nelson, R.Moss, P.Spurdens, S.Cole, S.Wong; Br.Telecom 
Technol.J., Vol.4 #2, A p r i l 1986, pp 85-103. 
102. M.Vilela, J.Sallese, P.Basmaji, P.Gibart, J . P o r t a l ; 2nd European 
workshop on MOVPE, St. Andrews, Scotland, June 1988, PS3-35. 
103. A.Nelson, L.Westbrook; J.App.Phys., 55(8), 15.4.84, pp 3103-3108. 
104. B.Rose, C.Kazmierski, D.Robein; 2nd European workshop on MOVPE, 
St. Andrews, Scotland, June 1988, PS3-37. 
105. J.Wiley; Semiconductors and Semimetals, Vol.10, eds: R.Willardson 
and A.Beer, Acedemic Press, New York, 1975, p 162. 
106. C.Blaauw, B.Emmerstorfer, A,Springthorpe; J.Crystal Growth, 
84(1987), pp 431-435. 
107. C.Blaauw, R.Bruce, C.Miner, A.Howard, B.Emmerstorfer, 
A.Springthorpe; 2nd European workshop on MOVPE, St. Andrews, 
Scotland, June 1988, PS3-36. 
108. K.Huang, B.Wessels, J.Mat.Sci.Lett., 6(1987), pp 1310-1312. 
109. D i f f u s i o n i n the I I I / V Compound Semiconductors, H.C. Casey Jnr., 
B e l l Labs, Murray H i l l , NJ, USA. 
110. G.van Gurp, P.Bondeivijn, G.Fontiyn, D.Tjaden, P h i l l i p s 
Eindhoven, The Netherlands; to be published. 
111. S.Cole, J.S.Evans, A.W.Nelson, S.Wong; ICMOVPE '88, Hakone, 
Japan. 
112. S.Cole, J.S.Evans, M.J.Harlow, A.W.Nelson, S.Wong, Elec. 
L e t t , 24(15), 21.7.88, pp 929-931. 
113. B.Rose, C.Kazmierski, 2nd European Conference i n MOVPE, 
St. Andrews, Scotland, June 1988, PS37. 
114. S.J.Pearton, J.W.Corbett, T.S.Shi, App.Phys. A, 43, (1987), 
pp 153-195. 
115. J . C h e v a l l i e r , A . J a l i l , B.Theys, J.C.Pesant, M.Aucouturier, 
B.Rose, C.Kazmierski, A.Mircea; Proceedings of ICDS 15, 
Budapest, 22-26 August '88. Also see: Semicond.Sci• and Tech., 
4(1989), pp 87-90. 
116. B.Pajot, J.Chevallier, B.Theys, B.Rose, Proceedings of ICDS 
15, Budapest, 22-26 August '88. Also see: Semiconductor Sci. and 
Tech., 4(1989),pp 91-94. 
117. K.Uwai, H.Nakagome, K.Takahei; App.Phys.Lett., 50(15), 13.4.87, 
pp 977-979. 
118. J.Long, V.Riggs, W.Johnston; J.Crystal Growth, 69(1984), 
pp 10-14. 
119. A.Macrander, J.Long, V.Riggs, A.Bloemake, W.Johnston; 
App.Phys.Lett., 45(12), 15.12.84, pp 1297-1298. 
120. S.Chu, S.Nakahara, J.Long, V.Riggs, W.Johnston; J.Electrochemical 
Soc, Solid State Science and Technology, Nov. 1985, 
pp 2795-2798. 
121. K.Huang, B.Wessels; J.App.Phys., 60(12), 15.12.86, pp 4342-4344. 
122. M.Sugawara, M.Kondo, K.Nakai, A.Yamaguchi, K.Nakajima; 
App.Phys.Lett., 50(20), 18.5,87. 
123. T.Takanohashi, K.Nakai, K.Nakajima; Jap.J.App.Phys., 27(1), 
Jan.1988, pp L113-L115. 
124. F.Shishiyanu, Y.Gh.Gheorghiu, S.Palzov; Phys.Stat.Sol.(a) 40, 
1977, p 29. 
125. K.Hess, S.Zehr, W.Cheng, D.Perrachione; J.Elec.Mat., 16(2), 1987, 
pp 127-131. 
126. B.Tell, U.Koren, B.Miller; J.App.Phys, 61(3), 1.2.87. 
127. C.Zah, C.Caneau, S.Menocal, F.Favire, T.Lee, A.Dentai, C.Joyner; 
Elec.Lett., 24(11), 26.5.88, pp 695-697. 
128. Hess; ICMOVPE IV, Hakone, Japan, May 1988. 
129. H.Temkin, G.J.Dolan, M.B.Pannish, S.Chu; App Phys Lett, 50(7), 
16.2.87, pp 413-415. 
130. H.Arnot, M.Watt, C.Sotomayor-Torres, R.Glew, R.Cusco, J.Bates, 
S.P. Beaumont; Superlattices and Microstructures, Vol 5, no.3, 
1989, pp 459-463. 
131. K.Karey, R.Hull, J.Fouquet, F.Kellert, G.Trott. 
132. M.Razeghi; unpublished. 
133. M.B.Pannish; J.Crystal Growth, 81(87), pp 249-260. 
134. Y.Guldner, J.Vieren, P.Voisin, M.Voos, M.Razeghi, M.Poisson; 
App.Phys.Lett, 40(10), 15.5.82, pp 877-879. 
135. L.Taylor, M.Kane, S.Bass; Appl.Phys.Lett, 51(3), 20.7.88, 
pp 180-182. 
136. M.Razeghi, J.Duchemin, J.Portal; Appl.Phys.Lett, 46(1), 1.1.85, 
pp 46-48. 
137. J.Portal, R.Nicholas, M.Brummell, L.Brunei, S.Huant, M.Razeghi, 
M.Laviron; J.Semicond.Sci.Tech., 1(1986), pp 3-6. 
138. M.Razeghi, P.Maurel, A.Tardella, L.Dmowski, D.Gauthier, J.Portal; 
J.Appl.Phys., 60(7), 1.10.88, pp 2453-2456. 
139. T.Fukui, H.Saito; Jap.J.Appl.Phys., 23(8), Aug '84, pp L521-L523. 
140. P.Gourley, R.Biefeld, L.Dawson; App.Phys.Lett., 47(5), 1.9.85, 
pp 482-484. 
141. B.Miller, E.Schubert, U.Koren, O.Ourmazd, A.Dayem, R.Capik; 
App.Phys.Lett, 49(20), 17.11.86, pp 1384-1386. 
142. C.Kuo, K.Fry, G.Stringfellow; Appl.Phys.Lett, 47(8), 15.10.85, 
pp 855-857. 
143. D.Griitzmacher, K.Wolter, H.Jiirgesen, P.Balk; Appl.Phys.Lett, 
52(11), 14.3.88, pp 872-873. 
144. S.Barnett, G.Brown, S.Courtney, S.Bass, L.Taylor; J.Appl.Phys, 
64(3), 1.8.88, pp 1185-1190. 
145. R.Moss, P.Spurdens; Elec.Lett, 8.11.84, Vol 20(23), pp 978-980. 
146. D.Moroni, J.Andre, E.Menu, Ph.Centric, J.Patillon; J.App.Phys, 
62(5), 1.9.87, pp 2003-2008. 
147. M.Skolnick, P.Tapster, S.Bass, A.Pitt, M.Apsley, S.Aldred; 
J.Semicond.Sci.Tech., 1(1986), pp 29-40. 
148. M.Skolnick, P.Tapster, S.Bass, M.Apsley, A.Pitt, S.Aldred, 
N.Chew, A.Cullis, C.Warick; Appl.Phys.Lett, 48(21), 26.5.88, 
pp 1455-1457. 
149. M.Razeghi, J.Duchemin, J.Crys.Growth, 70(1984), pp 145-149. 
150. M.Panish, H.Temkin, R.Hamm, S.Chu; App.Phys.Lett, 49(3), 21.7.86, 
pp 164-166. 
151. G.Thompson; Physics of Semiconductor Laser Devices; Wiley 1980. 
152. M.Razeghi, P.Hirtz, R.Blondeau, J.P.Laravain, L.Noel, B.de 
Cremoux, J.Duchemin; Elec.Lett, 4.2.82, 18 (3), pp 132-133. 
153. M.Razeghi, P.Hirtz, R.Blondeau, J.P.Laravain, B.de Cremoux, 
J.Duchemin; Elec.Lett, 3.9.81, Vol 17 (18), pp 643-644. 
154. J.Hirtz, J.Duchemin, P.Hirtz, B.de Cremoux, T.Pearsall, M.Bonnet, 
Elec.Lett, 10.4.80; Vol 16 (8), pp 276-277. 
155. M.Razeghi, J.P.Hirtz, P.Hirtz, R.Blondeau, J.P.Laravain, B.de 
Cremoux, J.Duchemin; Elec.Lett, 20.8.81, Vol 17 (17), pp 597-598. 
156. M.Razeghi, P.Hirtz, R.Blondeau, B.de Cremoux, J.Duchemin; 
Elec.Lett, 23.6.83, 19(3), pp 481-483. 
157. J.P.Hirtz, M.Razeghi, J.Laravain, S.Hersee, J.Duchemin; 
Elec.Lett, 5.2.81, 17(3), pp 113-115. 
158. A.Nelson, R.Moss, P.Spurdens, S.Cole, S.Wong; Br.Telecom J., Vol 
4(2), A p r i l '86, pp 85-103. 
159. B.Rose, P.Devoldere, A.Mircea, D.Robein, M.Trotte; Elec.Lett, 
6.6.85, Vol 21 (12), pp 521-522. 
160. W.Devlin, J.Sidhu, S.Cole, M.Harlow, L.Westbrook, A.Nelson, 
J.Regnault; Elec.Lett, 22.5.86, Vol 22(11), pp 584-585. 
161. R.Dupuis, H.Temkin, L.Hopkins; Elec.Lett, 17.1.85, 21(2), 
pp 60-62. 
162. A.Rashid, R.Murison, J.Haynes, G.Henshall, T.Stockton, A.Janssen; 
J. Lightwave Tech. 6(1), Jan 1988, pp 25-29. 
163. D.Lesterlin, J.Charil, B.Rose, M.Gilleron, P.Correc, J.Bouley; 
CNET, France. 
164. A.Talneau, D.Rondi, M.Krakowski, R.Blondeau; Elec.Lett, 12.5.88, 
24(10), pp 609-611. 
165. B.Butler, A.Briggs, E.Thrush, B.Garrett, J.Stagg; Chemtronics, 
March 1988, pp 31-34. 
166. M.Oishi, M.Nakao, Y.Itaya, K.Sato, Y.Imamura; IEEE J.Quantum 
E l e c , QE-23(6), June '87, pp 822-827. 
167. H.Yamada, T.Sasaki, S.Takano, T.Numai, M.Kitimura, I.Mi to; 
Elec.Lett, 4.2.88, 24(3), pp 147-149. 
168. T.Saaki, H.Yamada, S.Takano, M.Kitamura, I.Mi to, T.Suzuki; 
J.Crystal Growth, 93(1988) pp 838-842. 
169. Y.Miyamoto, C.Wantanabe, M.Nagashima, F.Furuya, Y.Suematsu, 
Y.Tohmori, S.Arai; Transactions of the lECE of Japan, Vol E, 
68(12), Dec.'85, pp 796-797. 
170. A.Rosiewicz, B.Butler, R.Hinton; lEE Proc.J, Vol 132(1), Feb.'85, 
pp 97-100. 
171. M.Razeghi, R.Blondeau, K.Kazmierski, M.Krakowski, J.Duchemin; 
Appl.Phys.Lett, 46(2), 15.1.85, pp 131-133. 
172. M.Krakowski, R.Blondeau, K.Kazmierski, M.Razeghi, J.Ricciardi, 
P.Hirtz, B.de Cremoux; J.Lightwave Tech, LT-4(10), Oct '86. 
173. D.Cooper, S.Cole, W.Devlin, R.Hobbs, A.Nelson, J.Regnault, 
A.Skeats, S.Sim, P.Spurdens; Elec.Lett, 28.4.88, 24(9), 
pp 519-521. 
174. R.Spillet; European Conference on Optical Communications, 
Brighton, Sept'88, pp 328-336. 
175. T.Kawabata, H.Ishiguro, S.Koike; J.Appl.Phys, 64(7), 1.10.88, 
pp 3684-3688. 
176. T.Yanase, Y.Kato, I.Mito, K.Kobayashi, H.Nishimoto, A.Usui; 
unpublished? 
177. M.Nagashima, Y.Miyamoto, K.Furuya, Y.Suematsu, C.Wantanabe, 
S.Yang; Transactions of the lECE of Japan, Vol E,68, no 9, 
Sep'85, pp 563-565. 
178. D.P.Wilt, J.Long, W.Dautremont-Smith, M.Focht, T.Shen, R.Hartman; 
Elec.Lett, 31.7.86, Vol 22(16), pp 869-870. 
179. C.Zah, J.Osinski, S.Menocal, N.Tabatabaie, T.Lee, A.Dentai, 
C.Burrus; Elec.Lett, 2.1.87, 23(1), pp 52-53. 
180. S.Yamakoshi, K.Tanaka, K.Wakao, O.Aoki, K.Nakai; Proc. ECOC, 
1986, pp 41-44. 
181. B.Miller, U.Koren, R.Capik, Y.Su; Appl.Phys.Lett, 51(26), 
28.12.87, pp 2260-2262. 
182. T.Tanbun-ek, R.Logan, J.Van der Z i e l ; Elec.Lett, 24.11.88, 
Vol 24(24), pp 1483-1484. 
183. K.Wakao, K.Nakai, T.Sanada, M.Kuno, T.Odagawa, S.Yamakoshi; IEEE 
J.Quantum Elec, Vol QE23(6), June '87, pp 943-947. 
184. T.Sanada, K.Nakai, K.Wakao, M.Kuno, S.Yamakoshi; Appl.Phys.Lett, 
51(14), 5.10.87, pp 1054-1056. 
185. W.Cheng, D.Renner, K.Hess, S.Zehr; Appl.Phys.Lett, 63(3), 1.8.88, 
pp 1570-1573. 
186. Y.Miyamoto, M.Cao, K.Furuya, Y.Suematsu; Jap.J.App.Phys, 26(3), 
March '87, pp L176-L178. 
187. A.Nelson, R.Moss, J. Regnault, P.Spurdens, S.Wong; Elec. Lett, 
11,4.85, Vol 21(8), pp 329-331. 
188. U.Koren, B.Miller, Y.Su, T.Koch, J.Bowers; App. Phys. Lett., 
51(21) 23.11.87, pp 1744-1746. 
189. M. Kitamura, S.Takano, N.Henmi, T.Sasaki, H.Yamada, Y.Shinohara, 
H. Hasumi, I.Mito; Elec. Lett., 4.8.88, Vol 24(16), pp 1045-1046. 
190. T.Sasaki, N.Henmi, S.Takano, H.Yamada, M.Kitimura, H.Hasumi, 
I . Mito; 14th European Conference on Optical Communications, 
Brighton, 11-15 Sept. 1988, Part 1, pp 364-367. 
191. H.Ishiguro, T.Kawabata, S.Koike; App. Phys. Lett, 52(25), 
20.6.88, pp 2099-2101. 
192. A.Kasukawa, Y.Imajo, T.Makino; Elec. Lett. 19.1.89, Vol 25 #2, 
pp 104-105. 
193. R.Glew, B. Garrett, P. Greene; to be published, 
194. S.P.Wilkinson, P McHuch, S.Horsley, H.Tubbs, M.Lewis, A.Thould, 
M.Winterton, V.Parsons, R.Williams; B r i t i s h Medical J., 1975(3), 
pp 559-563. 
195. G.Haacke, J.S.Brinen, H.Burkhard; J.Electrochemical Soc. (Solid 
State Sci. Tech.), March '88, pp 715-718. 
196. S.Bass, P.Oliver; Inst.Physics Conference Series, No 33b, 1977, 
Chap.l, pp 1-10. 
197. N.Dutta, T.Cella, J.Zilko, A . P i c c i r i l l i , R.Brown; Elec. Lett, 
17.3.88, Vol 24(6), pp 335-336. 
198. M.Usami, S. Akiba, K.Utaka, Y.Matsushima; lEE Proc.J., Vol 135, 
#4, Aug '88, pp 289-297. 
199. H.Back, F.Fiedler, N.Grote, N.Bouadma, B.Rose, P,Devoldere, 
F. Tegude, P.Speier, K.Wunstel; EFOC/LAN '88, 5.1, pp 161-166. 
200. M.Razeghi, M.Defour, F.Omnes, P.R.Maurel, J.Chazelas, 
F.Brillovet; App.Phys.Lett, 53(9), 29.8,88, pp 725-727, 
0% 
